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O aperfeiçoamento de biomateriais para implantes dentários que possibilite 
menor adesão bacteriana é necessário para a prevenção de infecções peri-implantares. O 
revestimento com dióxido de titânio (TiO2), conhecido por sua excelente propriedade 
fotocatalítica antibacteriana, seria uma ótima alternativa de tratamento da peri-implantite se 
seu efeito não fosse limitado ao espectro de luz ultravioleta (UV). Uma vez que a UV tem 
potencial efeito carcinogênico, a dopagem do TiO2 com nitrogênio (N) e bismuto (Bi) pode ser 
uma opção para obter efeito fotocatalítico sob luz visível. O objetivo deste estudo foi 
desenvolver um revestimento de TiO2 dopado com N e Bi na superfície de discos de titânio 
comercialmente puro (Ticp) via plasma eletrolítico de oxidação (PEO) para investigar o 
potencial efeito fotocatalítico e antibacteriano do revestimento na presença e ausência de luz 
visível. Foram utilizados acetato de amônio para formação de TiO2 cristalino e incorporação 
de N, ureia como fonte adicional de N e nitrato de Bi como precursor de Bi. Os grupos 
estudados foram: (1) Ticp polido (grupo controle); (2) TiO2 (PEO com TiO2); (3) U-TiO2 (PEO 
com TiO2 e ureia); (4) Bi-TiO2 (PEO com TiO2 e Bi); (5) U,Bi-TiO2 (PEO com TiO2, ureia e Bi). As 
superfícies foram caracterizadas quanto à morfologia (microscopia eletrônica de varredura - 
MEV e microscopia confocal de varredura a laser - MCVL), composição química 
(espectroscopia de energia dispersiva e espectroscopia de fotoelétrons excitados por raios X), 
estrutura cristalina (difração de raios X), rugosidade (perfilometria), molhabilidade (ângulo de 
contato da água) e band gap (espectroscopia de refletância difusa no UV-visível). A adsorção 
de albumina foi avaliada pelo método do ácido bicinconínico. A atividade fotocatalítica e a 
reusabilidade (após 24 h e 72 h) foram avaliadas pela degradação do corante alaranjado de 
metila (AM). A adesão bacteriana (2 h) e o biofilme (24 h) composto por Streptococcus 
sanguinis e Actinomyces naeslundii sobre os discos foram avaliados após irradiação ou não 
(escuro) do biofilme com luz visível (30min; LED 105W, 45 mW/cm²) quanto às unidades 
formadoras de colônia e estrutura (MEV e MCVL). A biocompatibilidade foi analisada 
utilizando fibroblastos gengivais humanos. Os dados foram submetidos à análise de variância 
(ANOVA) e ao teste de Tukey HSD (α=0,05). O PEO formou superfícies com TiO2 cristalino, bem 
como maior rugosidade, hidrofilicidade e adsorção de albumina comparado ao Ticp (p<0,05). 
Bi-TiO2 e U,Bi-TiO2 apresentaram os menores valores de band gap e maior degradação de AM 
sob irradiação e no escuro quando comparado aos demais grupos (p<0,05), com efeito 
fotocatalítico mesmo após 72 h da primeira análise. Os grupos com Bi, especialmente o Bi-
TiO2, não apresentaram efeito citotóxico e demonstraram atividade antibacteriana no 
biofilme formado por 24 h após 30 min no escuro comparado ao Ticp (p<0,05), com efeito 
potencializado (∼1 log) na presença de luz. Estes resultados suportam o uso do Bi-TiO2 
sintetizado por PEO como alternativa para tratamento de superfície de implantes dentários e 
controle de infecções peri-implantares, apresentando atividade antibacteriana (24 h de 
biofilme) no escuro com efeito potencializado após a aplicação de luz visível.  
Palavras-chave: Implantes Dentários. Fototerapia. Biofilmes. 
 
 ABSTRACT 
The improvement of biomaterials for dental implants that reduces bacterial 
adhesion is necessary for the prevention of peri-implant infections. The coating with titanium 
dioxide (TiO2), known for its excellent antibacterial photocatalytic properties, would be a great 
alternative for the treatment of peri-implantitis if its effect was not limited to ultraviolet (UV) 
light spectrum. Since UV has potential carcinogenic effect, doping TiO2 with nitrogen (N) and 
bismuth (Bi) could be an option to achieve photocatalytic effect under visible light. The 
purpose of this study was to develop a N,Bi-codoped TiO2 coating on the surface of 
commercially pure titanium (cpTi) discs via plasma electrolytic oxidation (PEO) to investigate 
the photocatalytic and antibacterial activities of the coating under the presence and absence 
of visible light. Ammonium acetate was used to form crystalline TiO2 and to incorporate N, 
urea was used as an additional source of N and bismuth nitrate was used as Bi precursor. The 
studied groups were: (1) polished cpTi (control group); (2) TiO2 (PEO with TiO2); (3) U-TiO2 (PEO 
with TiO2 and urea); (4) Bi-TiO2 (PEO with TiO2 and Bi); (5) U, Bi-TiO2 (PEO with TiO2, urea and 
Bi). Discs’ surfaces were characterized in terms of morphology (scanning electron microscopy 
- SEM and confocal laser scanning microscopy - CLSM), chemical composition (energy 
dispersive spectrometry and X-ray excited photoelectron spectroscopy), crystal structure (X-
ray diffraction), roughness (profilometry), wettability (water contact angle) and band gap (UV-
visible diffuse reflectance spectroscopy). Albumin adsorption was evaluated using the 
bicinchoninic acid method. The photocatalytic activity and the reusability (after 24 h and 72 
h) were evaluated using the methyl orange (MO) degradation assay. The bacterial adhesion (2 
h) and biofilm (24 h) composed of Streptococcus sanguinis and Actinomyces naeslundii on 
discs were evaluated after irradiation or not (dark) of the biofilm with visible light (30 min; LED 
105W, 45 mW/cm²) by colony forming units and structure (SEM and CLSM). The 
biocompatibility was evaluated with human gingival fibroblasts. Data were subjected to 
analysis of variance (ANOVA) and Tukey HSD test (α=0.05). PEO formed crystalline TiO2, with 
greater roughness, hydrophilicity and albumin adsorption compared to cpTi (p<0.05). Bi-TiO2 
and U,Bi-TiO2 presented the lowest band gap values and greater degradation of MO in both 
light and dark conditions when compared to the other groups (p<0.05), with photocatalytic 
effect even after 72 h from the first analysis. The groups with Bi, especially Bi-TiO2 group, 
showed non-cytotoxicity effect and presented antibacterial activity against 24-h biofilm 
formation after 30 min in the dark compared to cpTi (p <0.05), with greater effect in the 
presence of light (∼1 log). These results support the use of Bi-TiO2 coating synthesized via PEO 
as an alternative for the surface treatment of dental implants and for the control of peri-
implant infections, presenting antibacterial activity (24 h biofilm) in the dark with greater 
effect after the application of visible light. 
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O titânio comercialmente puro (Ticp) e suas ligas são consideradas opções 
favoráveis de biomateriais para uso em implantes dentários pois apresentam 
biocompatibilidade com os tecidos orais, resistência mecânica e estabilidade química 
(Mishnaevsky Jr et al., 2014). Entretanto, uma meta-análise recente demonstrou prevalência 
de 47% de mucosite peri-implantar e 20% de peri-implantite em pacientes reabilitados com 
implantes dentários com pelo menos três anos de acompanhamento após a conexão com o 
pilar protético ou restaurados com coroas protéticas, sendo a peri-implantite considerada 
uma das principais causas de falha dos implantes dentários (Lee et al., 2017).  
A peri-implantite é definida como uma reação inflamatória com perda de osso de 
suporte localizado ao redor do implante e desencadeada pela presença de biofilme e 
subsequente resposta imune do hospedeiro. Além disso, pacientes com histórico de 
periodontite parecem ser mais susceptíveis à peri-implantite pela persistência de biofilme na 
região peri-implantar e consequente pronunciamento da resposta inflamatória nessa região 
(Heitz-Mayfield e Lang, 2010). A microbiota associada com a peri-implantite é rica em 
bactérias gram-negativas e anaeróbicas, diferindo ao que ocorre em implantes saudáveis 
(predominância de bactérias gram-positivas) (Quirynen et al., 2002; Klinge et al., 2005; Han et 
al., 2016). No entanto, bactérias gram-positivas desempenham papel importante no 
desenvolvimento da infecção peri-implantar favorecendo a colonização de patógenos 
anaeróbicos e gram-negativos (Periasamy et al., 2009; Heitz-Mayfield e Lang, 2010). Os 
primeiros colonizadores geralmente são espécies do gênero Streptococcus e Actinomyces, 
cuja adesão no titânio (Ti) é influenciada principalmente pelas propriedades superficiais do 
material e pela natureza da película salivar formada (Barbour et al., 2007; Dorkhan et al., 2014; 
Sanchez et al., 2014; Ferraris et al., 2016).  
Actinomyces naeslundii é comumente encontrado entre as espécies de 
colonização precoce, a qual coagrega-se facilmente aos microrganismos do gênero 
Streptococcus e tem a capacidade de metabolizar e produzir substâncias ácidas, com 
consequente diminuição do pH do meio e alteração da composição dos óxidos da superfície 
do Ti, colonizando-se facilmente à superfície do metal (Zhang et al., 2013). Streptococcus 
sanguinis apresenta forte adesão sobre superfícies cobertas com película salivar quando 




ligam às proteínas salivares (Ruhl et al., 2004; Gorynia et al., 2013; Dorkhan et al., 2014). 
Streptococcus spp., em conjunto com A. naeslundii, favorecem a integração de espécies 
anaeróbicas, formando um biofilme maduro e complexo (Al-Ahmad et al., 2007; Periasamy et 
al., 2009). Uma vez desenvolvido o biofilme presente na doença peri-implantite, este se torna 
resistente aos tratamentos conservadores atualmente existentes (Györgyey et al., 2016).  
Dentre as alternativas de tratamento para controle do biofilme estão inclusos 
métodos mecânicos e químicos, bem como antibioticoterapia sistêmica (Heitz-Mayfield e 
Mombelli, 2014). No entanto, o debridamento mecânico pode induzir a traumas na superfície 
do implante (Györgyey et al., 2016), ocasionando alterações na camada de óxido 
naturalmente formada sobre a superfície do Ti, as quais podem favorecer a liberação de 
partículas e debris e, consequemente, o surgimento de danos aos tecidos peri-implantares 
(Kaufman et al., 2008; Louropoulou et al., 2012). Além disso, mesmo após a terapia mecânica, 
bactérias remanescentes são encontradas na complexa estrutura geométrica dos implantes, 
e a terapia adjuvante com antibióticos não é capaz de erradicá-las totalmente (Györgyey et 
al., 2016). Por estes motivos, a terapia fotodinâmica é um processo fotoquímico o qual tem 
sido utilizada como alternativa de tratamento adjuvante da peri-implantite. O princípio deste 
método terapêutico baseia-se na formação de radicais livres pela fotoativação de um corante 
sobre o biofilme do implante (Hu et al., 2018). Entretanto, revisões sistemáticas 
demonstraram nenhum efeito benéfico clínico desse tratamento sobre os preconizados 
atualmente (Albaker et al., 2018; Chambrone et al., 2018). Dessa forma, tratamentos mais 
efetivos para o combate de infeções peri-implantares são de grande interesse.  
Dentro do contexto de processos fotoquímicos, a fotocatálise heterogênea 
poderia ser uma alternativa para a degradação de compostos orgânicos, como a parede 
celular e componentes internos das bactérias (Vatansever et al., 2013). Diferente do que 
ocorre na terapia fotodinâmica, o desenvolvimento de um revestimento com potencial 
fotocatalítico não necessitaria de um fotossensibilizador para a formação de radicais livres ao 
ser irradiado por uma fonte luminosa. O mecanismo da fotocatálise é fundamentado pelas 
reações de oxidação e redução (redox) de um semicondutor causadas por elétrons e lacunas 
fotoexcitadas (Nosaka et al., 2017). Para que ocorra a fotoexcitação, a luz utilizada para 
irradiação deve apresentar comprimento de onda compatível com o intervalo de energia 
(band gap) do semicondutor. Ao ser irradiado, elétrons migram da banda de valência (BV) 




moléculas como água (H2O) e oxigênio (O2) e produzem espécies reativas de oxigênio (EROS), 
como os radicais hidroxila (•OH), ânion superóxido (•O2⁻) e peróxido de hidrogênio (H2O2) 
(Nosaka et al., 2017).  
As EROS são responsáveis pela decomposição de vários compostos orgânicos, 
como a membrana externa das bactérias, sendo a fase cristalina anatase e a mistura de 
anatase e rutilo do TiO2, as formas mais potentes para produzi-las (Joost et al., 2015; Wu et 
al., 2016; Pantaroto et al., 2018). Resumidamente, o mecanismo de ação das EROS durante o 
processo de fotocatálise sobre as bactérias consiste inicialmente pela degradação da parede 
celular e membrana plasmática, seguida do conteúdo celular interno e finalmente a lise e 
morte das células (Vatansever et al., 2013).  
O dióxido de titânio (TiO2) cristalino tem sido amplamente estudado como um 
fotocatalisador quimicamente inerte e fotocatalíticamente estável com grande potencial de 
efeitos bactericida, desodorizante, descontaminante e de super hidrofilicidade (Suketa et al., 
2005; Sawase et al., 2007; Kamaraj et al., 2015; Toniatto et al., 2017). Os efeitos fotocatalíticos 
antibacterianos de revestimentos de TiO2 cristalino em associação com a luz ultravioleta (UV) 
estão bem documentados na literatura (Cho et al., 2004; Sekiguchi et al., 2007; Dorkhan et al., 
2014; Chambers et al., 2017). Suketa e colaboradores (2005) relatam que a anatase formada 
por implantação iônica por fonte de plasmas, seguido de recozimento, em combinação com 
luz UV a 352 nm, demonstra efeitos antibacterianos contra as bactérias 
periodontopatogênicas Actinobacillus actinomycetencomitans e Fusobacterium nucleatum na 
superfície do Ticp. Um estudo prévio do nosso grupo relatou o efeito bactericida de filme de 
TiO2 sintetizado sobre o Ti por pulverização catódica nas fases cristalinas anatase e mistura 
(anatase com rutilo) contra um biofilme oral multi espécies (16,5 h) composto por S. sanguinis, 
A. naeslundii e F. nucleatum após irradiação por 1 h com luz UV (Pantaroto et al., 2018). 
Entretanto, a luz UV possui rápida absorção pelo DNA e capacidade de formação 
de dímeros de pirimidina, com consequente irradiação prolongada e efeitos nocivos às células 
do organismo humano, como a predisposição ao câncer de pele (Carp et al., 2004; Raut et al., 
2016; Kim et al., 2017). Com isso, a fim de evitar danos à saúde, recentemente os 
pesquisadores têm dado ênfase aos estudos utilizando luz visível (Leyland et al., 2016; Raut et 
al., 2016; Chambers et al., 2017; Kim et al., 2017). Para isso, visto que o band gap do TiO2 (3,0 
– 3,2 eV) é compatível apenas com o espectro de luz UV (<387,5 nm) (Ratova et al., 2018), 




comprimento de onda do TiO2 para a faixa de luz visível (≥400 nm) (Wong et al., 2006; Castro 
et al., 2016). Dentre eles, a técnica de dopagem do TiO2 com cátions e alguns ânions têm sido 
proposta nas pesquisas de fotocatálise heterogênea empregando o TiO2 como semicondutor 
principal (Bakar et al., 2016; Castro et al., 2016; Ren et al., 2016). 
A dopagem com o ânion nitrogênio (N) na estrutura cristalina do TiO2 substitui os 
sítios ocupados pelo oxigênio e modifica a estrutura eletrônica do semicondutor pela 
introdução de estados acima da BV e, consequentemente, reduzindo o intervalo entre as 
bandas de energia necessário para a fotoativação em luz visível (Bakar et al., 2016). Além 
disso, a atividade fotocatalítica pode ser aumentada pela associação com íons metálicos como 
o bismuto (Bi), pois estes aumentam a vida útil dos portadores de carga fotoexcitada (elétrons 
e lacunas), melhorando a eficiência dos fotocatalisadores (Thejaswini et al., 2016). Ainda, o 
óxido de bismuto apresenta band gap compatível com a luz visível (Ratova et al., 2018) e o Bi 
é amplamente conhecido na área médica por seu efeito antibacteriano e baixa toxicidade (Lin 
et al., 2013; Ratova et al., 2018; Wang et al., 2018). A dopagem do TiO2 com esses elementos 
(N-TiO2 e Bi-TiO2) tem sido relatada na literatura com excelente propriedade fotocatalítica 
antibacteriana (Lin et al., 2013; Cao et al., 2014; Kawashita et al., 2016). Entretanto, para o 
nosso conhecimento, a atividade fotocatalítica antibacteriana de revestimentos de TiO2 
dopados com a associação de nitrogênio e bismuto irradiados com luz visível ainda não foi 
testada. Sendo assim, devido às vantagens do TiO2, N e Bi mencionadas, o desenvolvimento 
de um revestimento com todos esses elementos parece ser promissor para a utilização com 
fins antibacterianos. Para isso, o Plasma Eletrolítico de Oxidação (PEO) é um método simples 
que pode ser utilizado para a formação de TiO2 cristalino sobre a superfície do titânio.  
O PEO consiste de processos eletroquímicos de oxidação que ocorrem na interface 
de um eletrodo, onde as amostras são imersas em uma solução eletrolítica aquosa, 
acompanhado por microdescargas de plasma na superfície do material (Marques Ida et al., 
2015; Rizwan et al., 2018). Durante as reações de microdescargas, diversos elementos podem 
ser facilmente incorporados na camada de óxidos, sendo um método eficiente para dopar o 
TiO2 (Lin et al., 2013; Venkateswarlu et al., 2013; Sridhar et al., 2017). Além disso, o PEO é um 
tratamento de superfície capaz de formar uma camada porosa e hidrofílica que pode 
aumentar a eficiência fotocatalítica bem como auxiliar no processo de osseointegração dos 




Atualmente, o desenvolvimento de um tratamento de superfície para implantes 
dentários deve ser focado não apenas no processo de osseointegração, como também na 
criação de superfícies com ação antimicrobiana que possibilitem a reativação desse efeito em 
períodos clínicos posteriores. O tratamento com revestimento de TiO2 dopado com N e Bi na 
superfície dos implantes dentários facilitaria a redução do biofilme na superfície dos implantes 
dentários e da adesão bacteriana pelos efeitos combinados de íons bismuto na superfície. 
Ainda, o PEO poderia fornecer excelentes propriedades de superfície para uma adequada 
osseointegração. No entanto, ainda não foi estudado a síntese do revestimento com os 
elementos discutidos e seu potencial em reduzir o biofilme oral pela fotoativação com luz 
visível, o que poderia contribuir para o desenvolvimento de um novo tratamento para doenças 
peri-implantares. Assim, os objetivos deste estudo foram: (1)  Desenvolver um filme de TiO2 
dopado com nitrogênio e bismuto sobre titânio comercialmente puro (Ticp) por meio de 
plasma eletrolítico de oxidação; (2) Caracterizar a superfície dos discos de Ticp (superfície 
controle) e dos discos de Ticp revestidos (superfícies experimentais); (3) Determinar o band 
gap do filme de TiO2 e TiO2 dopado com nitrogênio, bismuto, e a associação de ambos; (4) 
Avaliar a capacidade de adsorção de albumina das superfícies; (5) Avaliar o potencial 
fotocatalítico e a reusabilidade das superfícies; (6) Avaliar a adesão bacteriana (2 h) e a 
formação de biofilme (24 h) composto por S. sanguinis e A. naeslundii sobre a superfície do 
Ticp e dos revestimentos desenvolvidos antes e após irradiação do biofilme com luz visível; (7) 
Avaliar a biocompatibilidade pela formação de monocamada (24 h) de células de fibroblastos 
gengivais humanos (FGH) sobre a superfície do Ticp e dos revestimentos antibacterianos mais 
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Biofilm-associated disease is one of the main cause of implant failure. Currently, the 
development of implant surface treatment goes beyond the osseointegration process, and 
focuses on the creation of surfaces with antimicrobial action and with the possibility to be 
reactivated (i.e. light source activation).  Titanium dioxide (TiO2), an excellent photocatalyst 
used for photocatalytic antibacterial applications, could be a great alternative, but its 
efficiency is limited to the ultraviolet (UV) range of the electromagnetic spectrum. Since UV 
radiation has carcinogenic potential, we created a functional TiO2 coating codoped with 
nitrogen and bismuth via the plasma electrolytic oxidation (PEO) of titanium to achieve an 
antibacterial effect under visible light with reactivation potential. A complex surface 
topography was demonstrated by scanning electron microscopy and 3D confocal laser 
scanning microscopy. Additionally, PEO-treated surfaces showed greater hydrophilicity and 
albumin adsorption compared to control, untreated titanium. Bismuth incorporation shifted 
the band gap of TiO2 to the visible region and facilitated the higher degradation of methyl 
orange (MO) in the dark, with a greater reduction in the concentration of MO after visible-
light irradiation even after 72 h of aging. These results were consistent with the in vitro 
antibacterial effect, where samples with nitrogen and bismuth in their composition showed 
the greatest bacterial reduction after 24 h of dual-species biofilm formation (Streptococcus 
sanguinis and Actinomyces naeslundii) in darkness with a superior effect at 30 min of visible-
light irradiation. In addition, such coating presents a reusable photocatalytic potential and 
good biocompatibility by presenting non-cytotoxicity effect on human gingival fibroblast cells. 
Therefore, nitrogen and bismuth incorporation in TiO2 via PEO can be considered a promising 
alternative for dental implants application with antibacterial properties in darkness, with a 









Titanium (Ti) and its alloys are well-established biomaterials for dental application 
due to their excellent corrosion resistance, mechanical strength and adequate 
biocompatibility.1 However, failures caused by implant-associated infections are steadily 
increasing.2,3 According to a recent meta-analysis, the prevalence of peri-implant mucositis 
and peri-implantitis at the subject level is approximately 47% and 20%, respectively.3 These 
infections are multifactorial inflammatory reactions triggered by biofilm formation, in which 
early colonizers, such as Streptococcus sanguinis and Actinomyces naeslundii, play an 
important role in the attachment of secondary colonizers and consequently the establishment 
of a complex organized biofilm on the surface.4 Once peri-implantitis is developed, the biofilm 
becomes very resistant to conservative therapies that currently exist.5 
Treatments for peri-implantitis are mainly based on mechanical debridement 
associated with antibiotic therapy. However, debridement causes irreversible damage to the 
implant surface, while antibiotics are not able to remove residual bacteria since the complex 
geometry of dental implants makes total decontamination difficult by mechanical therapy.5,6 
Currently, photodynamic therapy has been proposed as an alternative procedure for peri-
implantitis treatment. However, systematic reviews have not reported additional benefits of 
this therapy compared to traditional protocols.7,8 Therefore, developing new therapeutic 
approaches against peri-implant infection is necessary. Titanium dioxide (TiO2), which is 
considered a chemically inert and stable photocatalyst, has garnered great interest due to its 
photocatalytic antimicrobial activity in many fields of science and industry.9 
TiO2 in its crystalline form, such as anatase and rutile, is the most studied 
photocatalytic semiconductor, with wide applicability in many fields due to its low cost, 
nontoxicity, and deodorant and decontaminant properties.10 The antibacterial photocatalytic 
effect of TiO2 occurs by exposing it to light-producing reactive oxygen species (ROS), such as 
hydroxyl radicals and superoxide anions. The oxidizing power of these ROS decomposes 
various organic compounds, such as the outer membrane of bacteria, into harmless CO2 and 
H2O. In a previous study,11 we developed a TiO2 film deposited by radiofrequency magnetron 
sputtering onto Ti in different crystalline phases; we found that anatase and mixed phases 
(anatase + rutile), respectively, presented ∼99.9% and ∼99% reduction of S. sanguinis, A. 




al.12 reported an anatase TiO2 film deposited onto a Ti surface via plasma source ion 
implantation followed by annealing; they found that this film exhibited a strong effect against 
F. nucleatum and Actinobacillus actinomycetemcomitans cells by suppressing their viability to 
approximately 1% after 2 h of UV-A illumination. Although these results suggest that 
crystalline TiO2 represents a potential alternative for the treatment of peri-implantitis, the 
band gap (∼3.0-3.2 eV) of this photocatalyst requires UV light, with wavelengths below 387.5 
nm for its activation.10 In a clinical setting, this treatment would not be applicable in the 
patient’s oral cavity since UV light has fast DNA uptake and the ability to facilitate pyrimidine 
dimer formation, with consequent prolonged irradiation causing harmful effects on human 
cells, such as predisposition to skin cancer.9,13,14 Thus, methods have been studied to decrease 
the band gap or extend the absorption of TiO2 wavelength to the visible light range (≥ 400 
nm), such as doping with metal cations and with some anions.15,16 
Of the variety of doping elements, nitrogen is frequently reported to shift the band 
gap of TiO2 to lower energies, with a consequent increase in the photoactivity under visible 
light.16 N-doped TiO2 presents visible-light-induced bactericidal activity. Kawashita et al.17 
found excellent bactericidal activity against Escherichia coli with N-TiO2 samples heated for 1 
h and 3 h in an NH3 atmosphere after 60 min of visible-light irradiation. In addition, doping 
with metal ions such as bismuth makes the lifetime of photoexcited charge carriers much 
longer, and bismuth oxide is a narrow-band-gap semiconductor, which could lead to a better 
photocatalytic efficiency.18 Bismuth is widely known for its nontoxic and low-cost 
characteristics with high photocatalytic and antibacterial potential.10,19 A recent study 
reported that Bi-doped TiO2 showed great antibacterial efficacy against Actinobacillus 
actinomycetemcomitans and methicillin-resistant Staphylococcus aureus.19 To our knowledge, 
no bismuth-doped or nitrogen and bismuth-codoped TiO2 coating research exists that 
addresses visible light’s photocatalytic antibacterial efficiency. Due to the advantages of 
nitrogen and bismuth introduction, the development of TiO2 coatings doped with these 
elements is of great interest. 
For this purpose, plasma electrolytic oxidation (PEO) is a relatively simple and 
effective technique to create crystalline functional TiO2 coatings on Ti substrates.20 During the 
process, species in the aqueous electrolyte can be incorporated into the oxide layer due to 
the high energies delivered by the microdischarges created by the voltage applied to the 




produce porous and hydrophilic films20 that provide benefits such as a higher osseointegration 
ability and great photocatalytic activity.16,21 
Visible-light-induced antibacterial activity of TiO2 codoped with nitrogen and 
bismuth would not only enable effortless reduction of biofilm on the dental implant surface 
but also prevent bacterial adhesion due to the antibacterial properties of bismuth ions. 
Additionally, PEO surface treatment could provide excellent surface properties for adequate 
osseointegration. Since the synthesis and evaluation of this type of coating composition in 
reducing oral bacteria under visible light has not been studied before, such research would be 
highly interesting for controlling implant-biofilm-related disease. In this context, the effect of 
Bi and additional N content in TiO2 coatings produced by PEO is investigated and discussed in 
detail in this paper. 
2. EXPERIMENTAL SECTION 
2.1. Experimental design 
The experimental design of this study is illustrated in Figure 1. Commercially pure 
titanium (cpTi) discs (Realum Industria e Comercio de Metais Puros e Ligas Ltd., São Paulo, SP, 
Brazil) 10 mm in diameter and 1 mm thick were randomly grouped and treated with PEO to 
obtain coatings composed of TiO2 (TiO2 group). Polished cpTi discs were used as the control 
group. The TiO2 coating was synthesized via ammonium acetate, which has nitrogen (N) in its 
composition. To further investigate whether additional N content could improve 
photocatalytic activity, urea was used as a precursor (U-TiO2 group). Bismuth was also 
investigated as a doping element alone (Bi-TiO2 group) and in association with urea (U,Bi-TiO2 
group). Surface characteristics were investigated by scanning electron microscopy (SEM), 
confocal laser scanning microscopy (CLSM), energy-dispersive spectroscopy (EDS), X-ray 
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), profilometry and contact angle 
measurements. Protein adsorption was evaluated with albumin by the bicinchoninic acid 
method. The band gap was measured using UV–visible (UV-vis) diffuse reflectance spectra 
(DRS). Photocatalytic activity was evaluated by degradation of methyl orange (MO). S. 
sanguinis and A. naeslundii, important early colonizers that facilitate the attachment of other 
pathogens and consequently the triggering of peri-implantitis, were used to investigate the 
antibacterial effect of the coatings under visible light after 2 h of bacterial adhesion and 24 h 




bacteria and SEM analysis. To evaluate the biocompatibility, the cytotoxicity of the most 
effective antibacterial coatings, Bi-TiO2 and U,Bi-TiO2, were evaluated on human gingival 
fibroblasts (HGF) by alamarBlue, live/dead cell fluorescence and DNA integrity assays.   
 
Figure 1. Schematic diagram of the experimental design. SEM = scanning electron microscopy; 
CLSM = confocal laser scanning microscopy; XPS = X-ray photoelectron spectroscopy; EDS = 
energy-dispersive spectroscopy; XRD = X-ray diffractometry; WCA = water contact angle; UV-
vis DRS = UV–visible diffuse reflectance spectroscopy. 
2.2. Surface Preparation 
CpTi discs were polished with #320 and #400 grit SiC abrasive papers (Carbimet 2, 
Buehler, Lake Bluff, IL, USA) in an automatic polisher (EcoMet 300 Pro with AutoMet 250; 
Buehler, Lake Bluff, IL, USA). The surfaces obtained after polishing were considered the control 
group for this study. All samples were ultrasonically cleaned with deionized water (10 min), 
degreased with 70% propanol (10 min) and dried with warm air.22 
The plasma electrolytic oxidation treatment was performed using a pulsed DC 
power supply (Plasma Technology Ltd., Kowloon, Hong Kong, China). The cpTi discs and a 
stainless-steel tank with a cooling system were used as the anode and the cathode of the PEO 
procedure, respectively. The electrolytic solution was prepared using ammonium acetate 
(CH3COONH4) (Synth, Diadema, SP, Brazil) at a concentration of 0.8 M. The coatings obtained 
by this treatment were considered to be part of the TiO2 group. U-TiO2 and Bi-TiO2 coatings 
were developed with the addition of 0.1 M urea (CH4N2O) (Synth, Diadema, SP, Brazil) and 
0.001 M bismuth nitrate [Bi(NO3)3 · 5H2O] (Dinâmica Química Contemporânea, Diadema, SP, 
Brazil) into the electrolyte as precursors with additional nitrogen and bismuth sources, 
respectively. The U,Bi-TiO2 group was developed with a mixture of all these reagents. 




groups with the same conditions, all the PEO treatments were carried out in a nitric acid 
solution23 (20 mL 65.0 wt% nitric acid + 480 mL deionized water). The main deposition 
parameters of the PEO coating and the concentration of ammonium acetate as the electrolyte 
were based on a previous study.24 The treatment was performed for 7 min with the pulse 
voltage, frequency and duty cycle set at 250 V, 1000 Hz and 10%, respectively. Subsequently, 
treated discs were rinsed with deionized water and air-dried. 
2.3. Characterization 
2.3.1. Scanning Electron Microscopy and 3D Confocal Laser Scanning Microscopy 
SEM (JEOL JSM-6010LA, Peabody, MA, USA) was used to investigate the 
morphologies of the surfaces (n = 1). To avoid surface metallization, samples were inspected 
using electron beams with low accelerating voltages (3 kV).25 To analyze the surface area and 
topography of the samples, a noncontact 3D CLSM (VK-X200 series, Keyence, Osaka, Japan) 
was used (n = 1). The CLSM images were acquired at 50× magnification, and VK-Analyzer 
software (Keyence v3.3.0.0, Osaka, Japan) was used for image processing. 
2.3.2. Energy-dispersive Spectroscopy and X-ray Photoelectron Spectroscopy 
 The proportion of the chemical elements present in the coatings (% atomic) was 
analyzed using EDS (JEOL JSM-6010LA, Peabody, MA, USA) (n = 1) in three different areas of 
each sample. The chemical states of individual elements were verified by XPS (n = 1) using a 
spectrometer (hemispherical analyzer) (K-alpha X-ray XPS, Thermo Scientific™, Vantaa, 
Finland).26 The spot size and energy step size used were 400 µm and 1,000 eV, respectively. 
2.3.3. X-ray Diffraction Analysis 
The crystalline structure of the samples was characterized by XRD (PANalytical, 
X'Pert3 Powder, Almelo, Netherlands) using Cu-Kα radiation (λ = 1.540598 Å), operating at 45 
kV and 40 mA (n = 1).20 
2.3.4. Profilometry 
The average surface roughness (Ra), root mean square roughness (Rq), maximum 
height of the profile (Rt) and average maximum height of the profile (Rz) were measured using 
a profilometer (Dektak D150; Veeco, Plainview, NY, USA) with a cutoff of 0.25 mm at 0.05 




2.3.5. Water Contact Angle 
Deionized water contact angle measurements were performed by an automated 
goniometer (Ramé-Hart 100–00; Ramé-Hart Instrument Co., Succasunna, NJ, USA) using the 
sessile drop method and analyzed with specific software (DROPimage Standard, Rame-Hart 
Instrument Co., Succasunna, NJ, USA) (n = 5). The presented values correspond to the means 
calculated from contact angles at the right and left sides of 5-µL water drops positioned on 
the samples.28 
2.3.6. UV−visible (vis) Diffuse Reflectance Spectra 
The UV-vis DRS were obtained using a UV-vis spectrometer with an integrating 
sphere (Lambda 750, PerkinElmer Inc., Shelton, CT, USA) (n = 1). From these spectra, the Tauc 




          (1) 
where R = reflectance and the type of material in this study is considered to have an indirect 
band gap.30,31 
2.4. Protein Adsorption 
The protein adsorption was evaluated using bovine serum albumin (Sigma–
Aldrich, St. Louis, MO, USA) as protein source. Samples were incubated in 100 mg/mL bovine 
serum albumin (Sigma–Aldrich, St. Louis, MO, USA) under horizontal stirring (75 rpm) at 37 °C 
(n = 5).32 After 2 h, discs were washed two times in 0.9% NaCl solution and transferred to 
cryogenic tubes containing 1 mL of 0.9% NaCl, sonicated and vortexed for 60 s to remove 
adsorbed proteins from the surface. The solution was diluted 100-fold and introduced into 96-
well plates. Protein concentration was assessed by the bicinchoninic acid method (BCA Kit, 
Sigma–Aldrich, St. Louis, MO, USA) using known concentrations of bovine serum albumin (0.5-
30 µg/mL of protein) to obtain the standard curve. The absorbance was read at a wavelength 
of 562 nm in a microplate spectrophotometer (Multiskan, Thermo Scientific, Vantaa, 
Finland).32 
2.5. Photocatalytic Activity 
The photocatalytic activity was evaluated by the degradation of MO as a function 




samples, this method allowed us to determine the ideal visible-light irradiation time. For that, 
samples were soaked in 2 mL of 10 mg/L MO (P.A. - CAS 547-58-0, Química Moderna, Barueri, 
SP, Brazil) aqueous solution in darkness (wrapped in foil) for 12 h before the test to reach the 
desorption–adsorption equilibrium (preadsorption test). Afterwards, the discs were 
transferred to a 24-well polystyrene cell culture plate with 2 mL of fresh MO solution (10 mg/L) 
in each well. The experiment was carried out under two independent conditions (n = 3 per 
group), one in the dark (wrapped in foil) and the other in the presence of light. The samples 
were irradiated with a 105 W light-emitting diode (LED) lamp (Ledsim, São Paulo, SP, Brazil) 
with wavelengths ranging from 420 nm to 690 nm. The distance between the lamp and the 
sample was fixed at 6.5 cm in a customized apparatus. The intensity of the light reaching the 
sample was measured with a power meter (Ophir Optronics Solution Ltd., Jerusalem, Israel) 
of ∼45 mW/cm². 
At established irradiation times (15, 30, 60, 90, 120, 180 and 240 min), the 
concentration of MO solution of the irradiated and nonirradiated samples (dark) was 
evaluated by measuring the absorbance at 464 nm using a spectrophotometer (DU 800 
UV/Visible Spectrophotometer, Beckman Coulter, Inc., Brea, CA, USA). The 24-well foil-
wrapped plate (dark) was also introduced into the apparatus to be in the same environmental 
conditions as the irradiated samples. After each measurement, the solution was returned to 
the respective sample-containing well. We also tested the MO solution without discs under 
the same conditions to investigate the photostability of the dye. Even after 240 min of light, 
no MO was degraded, indicating that it was a suitable dye with high stability under visible light 
to evaluate the effect of the photocatalyst in this experiment. The decrease in MO solution 
concentration indicating the photocatalytic activity (%) was calculated using eq 2: 






] × 100            (2) 
where C0 is the initial concentration of MO, C is the concentration at time t of light irradiation 
and C1 is the concentration of MO after the preadsorption test.33 
To study the practical applicability of the catalysts, the reusability of the 
experimental surfaces was evaluated. The photocatalytic test was repeated 24 and 72 h after 
the first experiment, with the same parameters described above using the same samples but 




eliminate residual dye, air-dried and then kept in the dark (wrapped in foil) until the next 
cycle.35 
2.6. Microbiological assay 
2.6.1. Acquired Pellicle Formation 
This assay was approved by the local Research and Ethics Committee (protocol 
71098617.7.0000.5418). Discs were sterilized by gamma radiation (14.50 ± 0.05 kGy; Cobalt-
60, Gammacell 220, Atomic Energy of Canada Ltd., Ottawa, ON, Canada),36 and a salivary 
pellicle was formed to simulate the clinical oral conditions. Hence, freshly stimulated human 
saliva was centrifuged and filtered through a 0.22-𝜇m membrane filter (K15-1500, Kasvi, São 
José dos Pinhais, PR, Brazil). Each disc was placed in a 24-well polystyrene cell culture plate 
and immersed in 1 mL of saliva for 30 min at 37 °C in an orbital shaker (60 rpm).37 The total 
protein concentration from acquired pellicle was quantified by the bicinchoninic acid method 
(BCA Kit, Sigma–Aldrich, St. Louis, MO, USA) to confirm the salivary pellicle formation. Bovine 
serum albumin (Sigma–Aldrich, St. Louis, MO, USA) was used as standard according to a 
previously described protocol (n = 3).38 
2.6.2. Viability of Bacteria Cells 
The viability of S. sanguinis and A. naeslundii was determined prior to the 
microbiological assay of the samples to establish the ideal light irradiation time to guarantee 
that the light itself did not present an antibacterial effect at a certain time of irradiation. Only 
control discs (cpTi) were used to avoid a possible antibacterial effect of the experimental 
surfaces. The test was carried out under both dark and light conditions with a 2-hour bacterial 
adhesion, following the same protocol described below at different visible-light exposure 
times (0, 15, 30, 60, 90, 120, 180 and 240 min). The temperature effect was avoided by 
refrigerating the experiment during the test, reaching a maximum of 27 °C after 240 min of 
irradiation. 
2.6.3. Evaluation of Antibacterial Activity 
The antibacterial activity of the synthesized PEO surfaces was tested by comparing 
them with the control polished cpTi discs. Both dark and light conditions of all groups were 




exposure. The test was performed in two independent microbiological assays and two 
independent periods of bacterial adhesion (n = 6). 
2.6.3.1. Biofilm Assay 
S. sanguinis (IAL 1832) and A. naeslundii (OMZ 745) bacterial strains were used for 
analysis. Prior to experiments, bacteria were grown on Columbia blood agar plates 
supplemented with 5% defibrinated sheep blood (CBA) under 10% CO2 incubation at 37 °C for 
48 h. For biofilm formation, loopfuls of CBA-grown colonies were inoculated into a tube 
containing 9 mL of filter-sterilized fluid universal medium39 supplemented with 67 mmol/L 
Sorensen’s buffer, pH 7.2 (“modified fluid universal medium”, mFUM)39 and grown overnight 
at 37 °C in a 10% CO2. Each culture was independently adjusted by measuring its absorbance 
at 550 nm (optical density = 1.0 ± 0.02). According to a pilot study (not shown), this density 
corresponded to 107 CFU/mL of S. sanguinis or A. naeslundii. Then, equal volumes of each 
density-adjusted culture were used to prepare a mixture of both strains. 
Immediately after acquiring pellicle formation, saliva-coated discs were 
transferred to new wells containing 1800 µL of mFUM and 200 µL of mixed-species inoculum. 
Discs were incubated for 2 h and 24 h (37 °C with 10% CO2). After each period of bacterial 
adhesion (2 h) and biofilm formation (24 h), discs were washed twice in 0.9% NaCl and 
transferred to wells containing 2 mL of 0.9% NaCl.40 The 24-well polystyrene cell culture plates 
(dark and light) were irradiated with visible light for 30 min at 25 °C under the same conditions 
as the photocatalytic test. 
2.6.3.2. Biofilm Analysis 
After irradiation, the discs were transferred to cryogenic tubes with 3 mL of 0.9% 
NaCl, vortexed for 10 s, and then sonicated (7 W for 30 s) (S 150D, Branson Ultrasonics Corp., 
Danbury, CT, USA) to detach cells from the surface.11 An aliquot of 100 µL of the sonicated 
suspension was serially diluted 5-fold in 0.9% NaCl. Two drops of 20 µL of each dilution were 
plated on Mitis Salivarius agar (MSA) for the counts of S. sanguinis, cadmium sulfate fluoride 
acridine trypticase agar (CFAT) for A. naeslundii and Columbia blood agar (CBA) supplemented 
with 5% (v/v) defibrinated sheep blood for total bacteria. The plates were incubated with 10% 
CO2 at 37 °C for 48 h. The CFU were counted by stereomicroscopy, and the data are expressed 




2.6.3.3. Scanning Electron Microscopy and Confocal Laser Scanning Microscopy 
SEM was performed to analyze the structure of the biofilm formed on the samples 
(n = 1). The biofilm was fixed in Karnovsky’s fixation solution (2% formaldehyde, 2.5% 
glutaraldehyde, 0.1 M sodium phosphate buffer; pH 7.2) for 2 h. Next, the samples were 
serially dehydrated in ethanol washes and then allowed to dry.37 Finally, the samples were 
gold-sputtered and visualized by SEM (JSM5600LV, JEOL USA, Inc., Peabody, MA, USA) 
operating at 15 kV. The architecture and the presence of live/dead cells after 24-h biofilm 
formation was analyzed by a DMI 600 CS inverted microscope coupled to a TCS SP5 computer-
operated confocal laser scanning system (Leica Microsystems CMS, Mannhein, Baden-
Württemberg, Germany) (n = 1). The viable cells were stained in green by 1 µL/mL of SYTO-9 
(480-500 nm) and the non-viable cells were stained in red by propidium iodide solution (490-
635 nm). The images were obtained using 63× oil immersion objective and an Ar-ion laser 
turned at 488 nm was used for excitation.41 
2.7. Cell culture assay 
2.7.1 Human gingival fibroblast cell growth conditions 
HGF cells (Rio de Janeiro Cell Bank Code 0089) were grown in low-glucose 
Dulbecco's Modified Eagle Medium (DMEM, Sigma Chemical Co., St. Louis, MO, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 100 IU/mL 
penicillin, 100 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA), and 2mM L-glutamine 
(Gibco, Grand Island, NY, USA) in 75 cm2 culture flasks. Cells were maintained at 37 °C with 5% 
CO2 and grown until reaching 90% confluence. Cells were washed with PBS, recovered using 
accutase solution (Sigma-Aldrich, St. Louis, MO, USA) and resuspended in DMEM fresh 
medium before proceeding with the analysis. For all experiments, samples of polished cpTi 
and the most effective experimental groups on antibacterial activity (Bi-TiO2 and U,Bi-TiO2) 
were placed into a 24-well polystyrene plate (TPP® tissue culture plates, St. Louis, MO USA) 
and HGF cells were seeded at a concentration of 1×105 cells/well directly onto each sample 
surfaces. The plates were maintained for 24 h under carefully controlled conditions for the 
monolayer cell formation, according to the standardized testing method of direct contact 
described by International Organization for Standardization (ISO) 10993-5. Additionally, cells 




– C+) and cells incubated with 40 μg/mL camptothecin (molecular weight: 348.35, Sigma-
Aldrich, St. Louis, MO, USA) represented our negative control, with 100% cell death.  
2.7.2 Human gingival fibroblast cell proliferation assay 
The effect of experimental surfaces on metabolically active HGF cells was 
evaluated by alamarBlue assay. At the end of 24 h, polystyrene plates were submitted to light 
and dark conditions, at 30 min of visible-light exposure. Subsequently, the culture medium 
was removed and 500 μL fresh medium containing 10% alamarBlue (Invitrogen, Carlsbad, CA, 
USA) was added to each sample well. The plates were then incubated for 12 h at 37 °C for 
alamarBlue reagent conversion into detectable fluorescent product and 100 μL was 
transferred to a 96-well polystyrene black plate (TPP® tissue culture plates, St. Louis, MO USA) 
for measurement. Longer incubation times at 36 and 72 h were established for greater 
cytotoxicity analyses. The quantitative fluorescence signals of viability and cytotoxicity were 
measured using a Fluoroskan (Fluoroskan Ascent FL, Thermo Scientific, Waltham, MA USA) at 
an excitation and emission wavelength of 544 and 590 nm, respectively. The experiment was 
performed in triplicate and repeated at two separate occasions.  
2.7.3 Live/dead cell fluorescence assay 
The nontoxic nature of Bi-doped samples (Bi-TiO2 and U,Bi-TiO2) was confirmed by 
fluorescent indicators of live (green) and dead (red) cells. Following the experimental 
sequence described above (see 2.7.1), 5 μM carboxyfluorescein diacetate succinimidyl ester 
(CFSE - Cell Proliferation Kit, Life Technology, CA, USA) was added into each well containing 
cpTi and Bi-doped samples and plates were incubated for 20 minutes at 37 °C. Fifteen minutes 
prior to fluorescence analyses, samples were maintained with 20 μM propidium iodide (PI - 
LIVE/DEAD BacLightTM Bacterial Viability staining kit, Invitrogen, Carlsbad, CA, USA) with 
protection from light. Stained cells were washed twice with DMEM culture medium containing 
FBS and replaced with fresh medium. The green and red fluorescence signals of CFSE and PI, 
respectively, were examined by confocal microscopy (Zeiss LSM 800, Jena, Germany) and 
images were recorded in two detection channels, 488–530 nm for CFSE and 575–610 nm for 
PI, using laser excitation at 488 nm. The experiment was performed in duplicate for each 
experimental and control samples. 




In order to investigate the effect of ROS generated by photocatalytic activities 
from the surfaces on DNA integrity, HGF cells were incubated with experimental samples for 
24 h. To carry out the experiment, after monolayer formation and 30 minutes of visible-light 
exposure, the medium was removed and 150 μL of PBS was added into each well containing 
cpTi and Bi-doped samples. HFG cells from each surface were harvested through manual 
scraping with a plastic pipette tip and then transferred to 1.5-mL Eppendorf tubes. DNA 
isolation was performed using a MasterPure™ DNA Purification kit (EPICENTRE), as described 
by Haro Chávez et al.42 From each individual sample, genomic DNA was stained with 
fluorescent dye ethidium bromide and approximately 40 ng/μL was carefully loaded in 1% 
(w/v) agarose gel for 1 h at room temperature. Visualization of DNA bands was recorded under 
UV light with an Imager Gel Documentation System (Bio-Rad Laboratories). The experiment 
was performed in duplicate for each cpTi and Bi-doped samples. 
2.8. Statistical Analyses 
Data were evaluated with IBM SPSS Statistics for Windows (IBM SPSS Statistics for 
Windows, v. 21.0., IBM Corp., Armonk, NY, USA). The Shapiro-Wilk method was performed to 
verify the normality of all response variables. Surface properties, protein content of the 
acquired pellicle, number of CFU and HGF cell proliferation were analyzed using a one-way 
analysis of variance (ANOVA) (factor = surface treatment). The differences among surface 
treatments as a function of irradiation time on photocatalytic activity and reusability were 
assessed by two-way repeated-measures ANOVA (factor 1 = surface treatment and factor 2 = 
time). The Tukey honestly significant difference (HSD) test was used as a post hoc technique 
for multiple comparisons. Final graphs were prepared using GraphPad Prism version 8.0.0 for 
Windows (GraphPad Software, San Diego, CA, USA). 
3. RESULTS AND DISCUSSION  
3.1. Surface morphology, roughness, wettability and albumin adsorption  
Bioactive coatings have been produced and characterized in terms of surface 
topography, roughness and wettability, as such characteristics play important roles in the 
biological response of dental implants. Figure 2 shows the secondary electron micrographs 
(a), the confocal microscopy images (b) and 3D profiles generated from confocal images (c) 




compared to those of cpTi were observed. The cpTi surface presented longitudinal grooves as 
a result of the polishing process, while the PEO treatment created irregular blasted facets with 
nonuniform aggregates on the surface of the experimental samples, irrespective of the 
electrolyte composition. 
 
Figure 2. Surface morphology of the cpTi, TiO2, U-TiO2, Bi-TiO2 and U,Bi-TiO2 groups. (a) SEM 
(2000× magnification) and (b) two- and (c) three-dimensional CLSM images (50× 
magnification) of cpTi and PEO surfaces. 
Notably, the formation of pores surrounded by a grain-like structure, as reported 
by Akatsu et al.24 using the same concentration of ammonium acetate and the same main 
parameters of the PEO procedure, was not observed in our study. Thus, the reaction of the 
electrolytes with nitric acid seemed to be the major cause of the appearance of these irregular 
features. The 3D micrographs further indicated the presence of craters characterized by 




present, which probably occurred due to the microdischarges produced during the treatment 
(Figure 2c).43 
It is well known that the presence of pores in the surface is modulated by the 
treatment conditions (electrolytic solution and parameters). For the electrolytic solution, it 
allows electric charge to flow around a circuit, so some characteristics of the electrolytes 
(concentration, composition, pH and conductivity) can affect the electrical characteristics of 
discharges44 and consequently the surface morphology. For PEO treatments developed in this 
study, the electrolytes used presented acid pH (∼4) as a consequence of nitric acid presence, 
and high conductivity (∼75 mS) by the combination of the acid and ammonium acetate (Table 
S1). Previously, it was reported that during PEO process using electrolytes with high electrical 
conductivity a thick bubble envelope can be formed around the sample.45 Thus, a higher 
energy is required for the current to pass through the surface and form pores. However, what 
happens is that the current density reduces due to the high electrical resistance of this 
insulating gas envelope. In fact, the voltage falls considerably as the concentration and hence 
the conductivity of the electrolyte is raised once part of the applied potential drops across the 
electrolyte, leaving less potential to create the (breakdown) field across the oxide layer.44 
Besides, PEO surface without pores have already been demonstrated.46 Thus, some 
hypotheses can be drawn: 1. the formation of insulating bubbles around the sample during 
the PEO process with the electrolytic solution containing ammonium acetate and nitric acid 
may have been too resistant to the micro discharges rising, which resulted in the formation of 
craters instead of pores; 2. the pressure and intensity of the micro discharges created with the 
electrolytic solution and parameters used here was too low to penetrate the material surface 
and form pores.47 
In addition to the higher average surface areas of PEO coatings compared to the 
control group (Figure 2c), the PEO samples also presented a greater average surface roughness 
(Ra) than that of cpTi (p < 0.001) (Figure 3), with no statistically significant difference among 
the experimental groups. Similar trends were observed for all other roughness parameters 
(Rq, Rt and Rz), confirming the irregular profile demonstrated by surface topography analysis, 





Figure 3. Surface roughness of cpTi and PEO group samples. (a) Ra; (b) Rq; (c) Rt; and (d) Rz. * 
indicates a statistically significant difference when compared to the PEO groups (p < 0.001; 
Tukey HSD test). 
Regarding the wettability, the cpTi surface presented a water contact angle (Θw = 
46°) that was greater than that of the PEO surfaces (p < 0.001) (Figure 4a). The wettability did 
not differ statistically among the PEO samples, which exhibited wettability evident of 
superhydrophilic surfaces, with average water contact angles of Θw = 7°, Θw = 10° and Θw = 
11° for U-TiO2, Bi-TiO2 and U,Bi-TiO2, respectively. The TiO2 surface adsorbed the water droplet 
immediately after dripping; the contact angle measurement was not possible, and Θw was 
considered zero. This increase in the hydrophilicity of the PEO-treated samples can be 
attributed to the introduction of nitrogen into the TiO2 structure, resulting in defects, such as 
oxygen vacancies;49 these vacancies can be occupied by water molecules, resulting in 
adsorbed hydroxyl groups, which makes the surface more wettable. 
Hydrophilic surfaces tend to enhance cell spreading and proliferation, and rough 
surfaces can affect cell adhesion, increasing the bone-to-implant contact ratio, thus improving 
osseointegration of dental implants.21,50 Moreover, the features of hydrophilicity and 
roughness are further associated with facilitating more protein adsorption,48,51 explaining why 
PEO samples resulted in an approximately twofold increase in albumin adsorption when 




dental implant coating also plays an important role in the interaction of osteoblastic cells with 
the implant, with this process causing consequent enhancement in the degree of 
osseointegration.52,53 
 
Figure 4. (a) Water contact angle and (b) albumin adsorption of cpTi and PEO surfaces. * 
indicates a statistically significant difference when compared to the PEO groups (p < 0.001; 
Tukey HSD test).  
In addition to the likely beneficial synergistic effect of the surface area and 
hydrophilicity on bone response observed in this study, these properties are beneficial for 
photocatalytic antibacterial activity. The larger the surface area is, the higher the 
photocatalytic response for the generation of ROS.16 Furthermore, hydrophilic surfaces tend 
to lead to a greater number of oxidative intermediates formed, promoting ROS generation 
necessary for bactericidal action under light exposure during the photocatalytic process.54 
3.2. Structural analysis  
The XRD patterns of the control and treated Ti samples are presented in Figure 5. 
The peaks corresponding to the α phase of Ti were found for cpTi and PEO surfaces, with the 
major diffraction peak at ∼40° (JCPDS 65-3362). The PEO coatings presented a mixture of TiO2 
crystalline phases, with characteristic peaks at ∼25°, ascribed to anatase (JCPDS 83-2243), and 
∼27°, assigned to rutile (JCPDS 73-1765). A typical feature of the PEO process is the presence 
of tiny electric arcs, frequently referred to as microdischarges. Such microdischarges arise 
when the electric field that results from the voltage applied to the sample exceeds the 
dielectric strength of the coating forming on the substrate.55 In this way, during the early 
stages of the PEO process, when the coating is not too thick, the energy released by the 
microarcs enhances the rates of reactions involving Ti and O-containing groups in the 




mostly anatase. As the coating becomes thicker, only more intense electric fields are able to 
cause the electric breakdown of the coating. Therefore, the proportion of microdischarges 
with higher energies increases, which can explain the formation of rutile on the surface. 
Pantaroto et al.11 showed that a mixture of anatase and rutile had excellent photocatalytic 
activity against oral pathogens under UV light. Therefore, the crystalline structures of the 
samples produced in this work can be of great interest. 
 
Figure 5. X- ray diffraction pattern of cpTi, TiO2, U-TiO2, Bi-TiO2 and U,Bi-TiO2. Ti = titanium, A 
= Anatase, R = Rutile. 
3.3. Surface chemistry characterization 
The high-resolution XPS spectra of Ti 2p, O 1s, N 1s and Bi 4f are shown in Figure 
6. To investigate the possible states of the photocatalysts on the outermost surface layer of 
each sample, the binding energies were grouped into ranges as Ti(I) and Ti(II) for Ti 2p, O(I) 
and O(II) for O 1s, N(I) and N(II) for N 1s, and Bi(I) and Bi(II) for Bi 4f. The C 1s spectrum was 
excluded since its presence may be related to contaminants or cleaning procedures.56 The 
atomic proportions of Ti, O, N and Bi were determined from the Gaussian deconvolution of 





Figure 6. Detailed XPS spectra of cpTi and PEO surfaces. 
The Ti 2p doublets observed in all groups at Ti(I) (458.2-459.2 eV) and Ti(II) (464.0-
465.0 eV) corresponded to Ti4+ and Ti3+, respectively,57 and are assigned to TiO2, in agreement 
with XRD results. Furthermore, the absence of a Ti0 metallic peak on the PEO surfaces suggests 
that this treatment generated an oxide coating that was thicker than the native oxide layer on 
the nontreated control.56 After PEO treatment, peaks N(I) at ∼400 eV and N(II) at ∼407 eV 
appeared in the N1s spectrum, which were assigned to molecular nitrogen and nitrate, 
respectively.58,59 Notably, the N(II) peak increased in intensity for Bi-TiO2 and U,Bi-TiO2, 
probably due to bismuth nitrate being used as the Bi precursor in the PEO process. 
All the samples showed similar O 1s spectra with peaks at O(I) (529.7-530.6 eV) 
assigned to O-Ti bonds on TiO260 and O(II) (∼531.5 eV) related to adsorbed oxygen or -OH 
groups on the surface.58,60 Notably, a shift to lower binding energies occurred for the O 1s 
spectra of the PEO samples, probably due to the addition of bismuth and/or nitrogen to the 




compared to cpTi. In addition, as reported by Chen et al.,58 based on the N(II) and O(II) binding 
energies, titanium oxynitride (TiON) likely formed on the surface, which has been thoroughly 
studied as an excellent photocatalyst under visible light with great optical and electronic 
properties.61 
The Bi 4f peaks appeared at 164.4 eV and 159.1 eV for Bi-TiO2 and U,Bi-TiO2, 
respectively, which corresponded to Bi3+ on the surface.62 The Bi 4f and O 1s peaks suggested 
the formation of Bi2O3 in the outermost layer of the surface, which was not detected by XRD. 
Additionally, the amounts of Ti, O, N and Bi determined by XPS analysis were in agreement 
with the elemental ratios of each group obtained by EDS chemical mapping (Figure S1). 
3.4. Optical analysis 
The optical band gap of pure TiO2 (∼3.0 eV)63 can only be activated by UV light. 
However, since UV radiation has carcinogenic potential for humans,64 it is necessary to narrow 
the TiO2 band gap to the visible region by doping with elements such as nitrogen and bismuth. 
The band gap of the samples prepared here was estimated to be 3.09, 3.06, 3.05, 2.90 and 
2.72 eV for cpTi, TiO2, U-TiO2, Bi-TiO2 and U,Bi-TiO2, respectively (Figure S2). These results 
indicate that the nitrogen content from the urea precursor was not sufficient to considerably 
reduce the band gap. In contrast, the addition of bismuth to the TiO2 semiconductor 
containing nitrogen in its composition effectively narrowed the band gap, making Bi-TiO2 and 
U,Bi-TiO2 more prone to exhibit photocatalytic activity under visible-light irradiation. 
3.5. Photocatalytic activity 
The photocatalytic performance of the coatings was investigated by degradation 
of MO as a model dye. Notably, the photocatalysts synthesized in this study adsorbed a 
considerable amount of MO in the dark during the preadsorption period due to the high 
surface area of the coatings (Figure S3).65 The PEO-coated Ti samples showed significant 
photocatalytic activity compared to the control samples under visible light (Figures 7a and 
7a’). The degradation of MO by the experimental surfaces was continuous over 240 min of 
light exposure. The control surface did not present photocatalytic activity under either dark 
or light conditions. As expected, the Bi-TiO2 and U,Bi-TiO2 samples presented the highest 
visible light activity, with 24% and 29% MO degradation after 240 min, respectively. These 
results are consistent with the optical properties observed in this study, where a greater 




synergistic effect of N and Bi on the optical and photocatalytic properties of the coatings. Upon 
visible-light irradiation, the small band gap of bismuth oxide combined with TiO2 favors 
electron transfer from the valence band to the conduction band of TiO2 and Ti3+ sites, reducing 
O2 to form •O2- radical.23,53 In addition, •OH radical is formed by the reaction of holes (h+) in 
the valence band with H2O.23,60,66 These reactive species can break chemical bonds by 
oxidative degradation involving the −N=N− chromophore or the aromatic ring of MO.66 
Moreover, during the photocatalytic degradation process, the mineralization of the dye into 
CO2 and H2O occurs, and decolorization is observed.66 
In addition to the great photocatalytic effect of bismuth-doped TiO2 coatings 
under visible light, these groups demonstrated efficient degradation of MO in dark conditions, 
and the difference compared to cpTi was statistically significant only for the Bi-TiO2 group 
(Figures 7b and 7b’). Wiedmer et al. have shown ROS formation in the absence of light using 
discs prepared by TiO2 scaffolds modified with sol–gel dip coating.67 However, such oxidative 
power in the dark is achieved by the presence of hydrogen peroxide in the solution. Herein, 
the catalytic performance was probably due to mixed metal oxides present in the surface, as 
revealed by XPS analysis (TiO2 and Bi2O3). This catalytic performance occured due to the partial 
substitution and/or replacement of cations in mixed metal oxides.68 A previous study reported 
catalytic activity in the dark by the partial substitution of Ni with Cu68, which suggests that in 





Figure 7. Photocatalytic activity of cpTi, TiO2, U-TiO2, Bi-TiO2 and U,Bi-TiO2 according to (a) the 
time of visible-light exposure or (b) time in the dark, and after (a’) 30 min of visible-light 
irradiation or (b’) 30 min in the dark. (c) Reusability of PEO coatings after two photocatalytic 
cycles (24 h [cycle 2] and 72 h [cycle 3]). The bars indicate significant differences between 
groups, and * indicates a significant difference comparing cycle 1 to subsequent cycles (p < 
0.001; Tukey HSD test). 
The reusability of the catalyst is one of the most important characteristics for 
practical applications. Therefore, the reusability of experimental surfaces was evaluated by 
repeating the photocatalytic experiment under the same conditions. As shown in Figure 7c, 
although the experimental surfaces exhibited a significant loss of activity, photocatalytic 
activity was observed even after 72 h of the first light irradiation. Translating these results to 
clinical practice, the light application for peri-implantitis treatment could be performed in 




In addition to investigating the photocatalytic performance of the coatings, it was 
necessary to analyze the viability of bacteria as a function of time to avoid counting dead cells 
as a result of visible light and not due to the surface treatments. Changes in temperature were 
monitored during LED irradiation to design a control experiment and eliminate the 
temperature effect on bacterial inactivation. Only cpTi control samples were used to eliminate 
the surface treatment variable. This viability test is of great importance because LED light itself 
exhibits antibacterial effects by physically damaging of cellular membranes in bacteria.69 This 
test was conducted with a 2-h bacterial adhesion because younger cells are more susceptible 
to damage, and consequently death, than at a later stage (late biofilm).70 Thus, if the cells that 
adhered for 2 h were resistant to a certain time of light exposure, older cells (e.g., 24 h of 
biofilm formation) with a protective extracellular matrix would also likely present resistance 
to the light. Figure 8 demonstrates that after 60 min of light exposure, antibacterial activity 
was observed for S. sanguinis, A. naeslundii and total bacteria. Hence, 30 min of LED light 
irradiation was selected for use in the photocatalytic antibacterial test, as this time of 
exposure allowed the cells to maintain viability with no significant difference in colony count 
compared to the samples tested immediately after bacteria adhesion (0 min). 
 
Figure 8. Viability of (a) S. sanguinis, (b) A. naeslundii and (c) total bacteria after different LED 
light exposure times or dark times (minutes) on cpTi surfaces. The bars indicate significant 




The acquired salivary pellicle formation is an important factor on biofilm 
development in the oral cavity and its formation on the discs was confirmed by the presence 
of protein stated by the protein quantification assay (Figure S4). The pellicles on control and 
experimental surfaces had similar protein content, indicating that it was formed 
homogenously independent of the surface characteristics (e.g., topography, chemical 
composition, wettability).  
3.5. Antibacterial effect of PEO coatings under dark and light conditions 
The antibacterial effect of treated Ti samples was evaluated in the presence or 
absence of visible light irradiation. Since bacterial cells present distinct characteristics during 
biofilm development and surface properties can influence the effectiveness of the 
treatment,70 the antibacterial effect was evaluated after 2 h of bacterial adhesion and 24 h of 
biofilm formation. No bactericidal effect of PEO coatings was observed against total bacteria 
and on either S. sanguinis or A. naeslundii after 2 h of bacterial adhesion (Figures 9a, 9b and 
9c). Specifically, cpTi presented a significantly lower viable cell count than the experimental 
groups (p < 0.05), except for A. naeslundii under light exposure. These results suggest that at 
earlier phases of biofilm development (bacterial adhesion phase), surface characteristics such 
as greater roughness and hydrophilicity of PEO were the major factors underlying the 
adherence of bacterial cells to the samples. The greater surface roughness of the experimental 
groups increases the bacterial counts in the adhesion phase (2 h for example). Han et al. found 
that the early bacterial adhesion was favored by a higher surface roughness and this was not 
observed in a mature biofilm in which the surface roughness influence diminished in a 
dependent manner without difference when compared to smoother surfaces.71 An in vivo 
study of Al-Ahmad et al. also shows the higher bacterial adhesion on rougher implant material 
when compared to smoother surfaces.72 Thus, the CFU data at 2 h of bacterial adhesion might 
be related to the roughness of the substrate. In contrast, at later stages (24-h biofilm), a 
complex and mature biofilm was formed for both control and experimental groups, which 
equalizes the surfaces properties (in other words, the influence of roughness and wettability 
of material’s surface in mature biofilms is neglected). 
 At a later stage of biofilm development (24 h), which is more difficult to treat in a 
clinical scenario, this difference is completely compensated by the beneficial effect of bismuth 




in addition to the surface characteristics, the biofilm model can influence biofilm formation 
on the Ti surface at different stages of biofilm development.73 Biofilm-related infection, such 
as peri-implantitis, occurs by the interaction of early and late colonizers, and therapeutic 
approaches have failed partially due to the protective biofilm matrix.74 Thus, investigating the 
effect of the synthesized coatings against 24-h biofilms of early colonizers S. sanguinis and A. 
naeslundii under dark and light conditions is of great interest concerning peri-implantitis 
disease. 
 
Figure 9. CFU (log10 CFU/mL) of (a) S. sanguinis, (b) A. naeslundii and (c) total bacteria after 2 
h of bacterial adhesion; (d) S. sanguinis, (e) A. naeslundii and (f) total bacteria after 24 h of 
biofilm formation developed on surfaces after 30 min of visible-light exposure in each group. 
Fold changes for the Bi-TiO2 and U,Bi-TiO2 samples demonstrate the difference in CFU 
between dark and light conditions for (d’) S. sanguinis, (e’) A. naeslundii and (f’) total bacteria. 




The microbiological assay after 24 h of biofilm formation showed the efficacy of 
the Bi-TiO2 and U,Bi-TiO2 coatings under both light and dark conditions (p < 0.05) (Figure 9). 
The difference between these groups from the others was the addition of bismuth to the 
electrolyte, which also presented the best performance in the photocatalysis test. The 
resulting activity of the bismuth-doped coatings, even in darkness and with increased surface 
roughness, could be a result of two main factors: 1. a dark catalytic effect since its activity was 
confirmed by MO degradation in the absence of light; 2. a bactericidal effect inherent to 
bismuth ions and independent of the effects of the photocatalyst. Furthermore, the 
antibacterial activity of these mechanisms was reinforced under light irradiation; relative to 
the values for the dark condition, a reduction of 1.3 log of S. sanguinis, 1 log of A. naeslundii 
and 0.7 log of total bacteria on the Bi-TiO2 surface was observed. U,Bi-TiO2 presented bacterial 
reduction values that were similar to those of Bi-TiO2, except for A. naeslundii, which had a 
reduction of only 0.2 log (Figures 9d’, 9e’ and 9f’). Based on such results, we could infer that 
longer periods (24 h vs 2 h) of bacteria in contact with Bi ions lead to greater absorption of 
Bi3+ ions ionically binding to surfactants, such as glycoproteins present in the glycocalyx of the 
cell membrane, which is the mechanism of bactericidal action of Bi.19,75 Such mechanism 
increases the damage of the cell membrane and its cellular components by ROS after light 
exposure. To test this hypothesis, the growth-based viability assay was performed to quantify 
the relative amount of viable bacteria based on the delay in growth curves76 after exposure to 
various concentrations of bismuth (see the Supporting Information for more details). We 
demonstrated the higher antibacterial effect after longer periods of contact with Bi, and this 
behavior was dose-dependent (Figure S5a and S5b). Therefore, it could be concluded that in 
short periods (2 h) of Bi contact, the cells are more resistant to be damaged by the ROS. 
Bismuth is effective in controlling bacterial growth, suggesting maximum 
bactericidal effect at higher concentrations, since there was no increasing in absorbance in 10 
and 20 µg/mL groups, with no statistical difference between them (p = 0.182; two-way 
repeated-measure ANOVA) (Figure S5a). Probably, the optical density of these groups is 
related to dead cells present in the suspension whereas the absorbance did not differ over 
time. In contrast, at lower Bi concentrations there is an inhibitory effect of bacterial growth 
due to inferior absorbance values of 1 and 5 µg/mL groups compared to control. Also, as Bi 
concentration increases the absorbance decreases over time up to a maximum effect is 




coatings is related to slow releasing of Bi ions. Both CFU and growth-based viability assays 
suggested no bactericidal effect at 2 h of incubation, but a statistical significance difference 
was observed after 6 h of bacterial growth compared to control (p < 0.05; Tukey HSD test) 
(Figure S5b), which corroborates with the bacterial reduction at later stages of biofilm 
development (24 h) on Bi-doped coatings (Figure 9). Additionally, these results can also be 
confirmed by the density of dead bacteria on Bi-doped coatings observed on CLSM images of 
biofilm (Figure 10). 
 
Figure 10. Representative images of fluorescence staining through 63× oil immersion objective 
illustrated live/dead bacteria distribution on cpTi, TiO2, U-TiO2, Bi-TiO2 and U,Bi-TiO2 groups in 
dark and light conditions (green for live bacteria, red for dead bacteria). The images were 
obtained from (a) the merged green and red channel and (b) red channel (scale bar 75 µm). 
A previous study investigated the antibacterial effect of bismuth-doped titanium 
produced by PEO with different bismuth compounds.19 The results demonstrated that 
bismuth nitrate exhibited superior antibacterial activity against oral pathogens compared with 




composition, PEO parameters and biofilm used were different from those used herein, this 
finding is in agreement with our results.  
Considering the significant bacterial reduction observed after 24 h of dual-species 
biofilm formation, the live/dead assay of bacteria was performed only in this period of biofilm 
development to show the antibacterial effect of the experimental surfaces. The same effect 
of CFU counts was observed in CLSM images of biofilms, which suggested a reduction in live 
bacteria (green fluorescence) and an increasing in dead bacteria (red fluorescence) on Bi-
doped surfaces under dark and light conditions (Figures 10a and 10b). The black spaces from 
images of the experimental surfaces highlight the biofilm development following the 
topographic features. In addition, corroborating with the SEM micrographs of 24-h biofilms 
(Figure S6), an organized structure was formed and images suggestive of S. sanguinis (asterisk) 
and A. naeslundii (arrow) were observed on all surfaces, with the absence of cell aggregates 
for the 2-h bacterial adhesion (Figure S6).  
Photocatalytic antibacterial activity has been observed for bismuth oxide coating 
produced by pulsed DC reactive magnetron sputter deposition on glass beads.10 In contrast to 
our study, the bactericidal effect observed by Ratova et al.10 was achieved after a long time of 
visible-light exposure (72 h), which would be unsuitable for clinical application purposes. The 
mechanism that explains the photocatalytic antibacterial activity is rupture of the 
peptidoglycan layer and membrane followed by internal damage to cell components 
(proteins, DNA, RNA, ribosomes, etc.) caused by ROS, including hydroxyl radical and peroxides 
produced by the oxidation of water and reduction of oxygen via photogenerated holes in the 






Figure 11. Schematic representation of the possible mechanism of photocatalytic antibacterial 
activity. Photocatalytic activity of N,Bi-codoped TiO2 when irradiated with visible light is shown 
on the left side. When TiO2 is doped with nitrogen and bismuth, the band gap shifts to lower 
energies, which extends the absorption edge of TiO2 to the visible light range. In addition, 
bismuth is able to increase the photodegradation efficiency, increasing the lifetime of the 
photoexcited charge carriers. When the semiconductor is irradiated, electrons migrate from 
the valence band (VB) to the conduction band (CB), leaving holes. These electrons and holes 
react with molecules such as water (H2O) and oxygen (O2) and produce reactive oxygen species 
(ROS) (e.g., •OH, •O2-). These ROS can cause damage to the bacterial cell components (right 
side), such as the cell wall, membrane, organelles, proteins and genetic materials (DNA, RNA), 
leading to cell death. 
Furthermore, it is important to highlight that although a synergistic effect of N and 
Bi was observed on the methyl orange degradation assay after 240 min of irradiation, Bi-TiO2 
and U,Bi-TiO2 presented similar photocatalytic percentage at 30 min of evaluation (irradiation 
time for antibacterial activity assay). It leads us to conclude that there is a direct relation of 
the photocatalytic percentage and the antibacterial effect, since both demonstrated 5% 
methyl orange degradation and similar bacterial counts. In addition, we can predict that there 
is a threshold percentage of photocatalytic activity to achieve antibacterial effect, since the 
other surfaces showed less than 4% photocatalytic degradation and no bacterial reduction. 
Pantaroto et al. found that a minimum of 7% methylene blue degradation is necessary to 




Therefore, it would be of great value to conduct future studies aiming to establish biologically 
the photocatalytic degradation rate to achieve antibacterial effect.  
3.6. Non-cytotoxicity effect of PEO coatings under dark and light conditions on fibroblast 
cells 
In the materials perspective, cytotoxicity tests of new antimicrobial surfaces are 
considerate a prerequisite to enable their future biomedical application.42,78,79 To investigate 
the biological safety aspects of Bi-TiO2 and U,Bi-TiO2 samples under dark and light conditions, 
fibroblast cells were chosen as potential model for cell proliferation assessment due to their 
immunomodulatory and anti-inflammatory properties.80-82 Moreover, fibroblasts are involved 
in tissue repair and in the process of blood vessel formation. Here, we first analyzed whether 
the samples had a negative impact on the fibroblast cells proliferation after 36 and 72 h, 
prolonged time points sufficient to ensure the normal cell response. During the natural 
process of cellular metabolism, the resazurin dye, from alamarblue fluorometric assay, is 
reduced to resorufin and generates a highly fluorescent pink signal.78,83 Conversely, nonviable 
cells lose the ability to convert the dye into the fluorescent product and thus do not generate 
the fluorescent signal. Our data clearly revealed no statistically significant difference in cell 
proliferation between cpTi, Bi-TiO2, U,Bi-TiO2 and positive control (p = 0.314), 36 h after 
seeding. Even in the presence of light irradiation, Bi-doped surfaces did not affect cellular 
metabolism of mammalian cells. Remarkably, the non-cytotoxic effect of PEO coatings and 
light was sustained for an extended exposure time to 72 h (p = 0.245) (Figure 12). A cytotoxic 
effect was only observed when fibroblast cells were exposed to the camptothecin, an alkaloid 
responsible to lead a DNA double-strand break, used to determine the dead cell population.84 
 
Figure 12. Effect of Bi-TiO2 and U,Bi-TiO2 surfaces, under dark and light conditions, on HGF cell 




between groups (p < 0.05; Tukey HSD test). 
Consistent to quantitative outcomes above determined, fluorescent live/dead 
staining also revealed viable fibroblast cells growing onto cpTi, Bi-TiO2 and U,Bi-TiO2 samples. 
The green fluorescence from CFSE evidenced an obvious similarity in the overall live cells 
between Bi-doped and control samples (C+ and cpTi) regardless light exposition. The non-
cytotoxic effect of changes in temperature during LED irradiation was also investigated and 
the green fluorescence generated from the HGF cells cultured onto polystyrene plate under a 
humidified atmosphere containing 5% CO2 at 37 °C was similar as compared to the positive 
controls maintained under dark and light conditions. A reasonable percentage of cell death 
was only observed to the negative control, when HGF cells were incubated with camptothecin 
(yellow arrow in the Figure 13).  
 
Figure 13. Effect of Bi-TiO2 and U,Bi-TiO2 surfaces, under dark and light conditions, on HGF 
cells viability after 24 h of incubation. Representative images of fluorescence staining through 
20× objectives illustrated live/dead cells distribution on each control (C+, C- and cpTi) and Bi-
doped samples (green for live cells, red for dead cells). The scale bar corresponds to 50 μm. 




Overall material physical-chemical properties have a strongly impact on cell 
behavior. In fact, the organization of mammalian cells may be affected by differences in 
surface topographies.85-87 A notable alteration in cell alignment can be observed after our 
treatments change Ti surface roughness from smooth (untreated surface) to rough (treated 
surface). In case of cpTi samples, kept under dark condition, fibroblast cells appear to favor 
the orientation in the direction of the longitudinal grooves as compared to the random 
organization observed on flat polystyrene plate substrates used as controls. However, after 
the cpTi samples are exposed to the LED light irradiation, fibroblast cells changed their parallel 
configuration. Additionally, although, no preferred orientation is expected to fibroblast cells 
cultured onto flat bottom of the polystyrene plate, light exposition induced HGF cells 
reorganization in a particular spatial pattern. Indeed, broadband visible light of 400-800 nm 
and intensity of 40 mW/cm² has been found to enhance the fibroblast activities and stimulate 
fibroblast elongation. As a convenient consequence, the increased fibroblast ability to cell-cell 
interaction may have an important impact in the field of wound healing.88,89 Interestingly, the 
rough surface topography of Bi-TiO2 and U,Bi-TiO2 samples induced fibroblast cells 
organization in a particular spatial pattern, with a tridimensional alignment. Z stacks from Bi-
TiO2 and U,Bi-TiO2 samples acquired through confocal microscopy were further determined 
and represented a very straightforward correlation between roughness level and fibroblast 
cell conformation: Bi-TiO2 (dark) ∼9 μm, Bi-TiO2 (light) ∼24 μm, U,Bi-TiO2 (dark) ∼25 μm and 
U,Bi-TiO2 (light) ∼22.5 μm. Although, in this study we did not focus on understanding the 
cellular response to different surfaces topographies, consistent findings have demonstrated 
that not only topography but also chemical surface modifications affect cell morphology and 
therefore gene/protein expression.85,90,91  
Taken together the present findings, since we clearly demonstrate that Bi-doped 
surfaces did not interfere on fibroblast cell viability, we further examined whether the novel 
antimicrobial coatings could affect the integrity of DNA. During physiological process, light-
activated ROS generation is involved in modulation of cell function and survival.92 However, 
ROS overproduction can cause oxidative stress and lead to irreversible DNA damage.92,93 
Indeed, the major concern here was to prove that the estimated ROS generated by 
photocatalytic activity of Bi-TiO2 and U,Bi-TiO2 would not induce the DNA degradation. 
Following 48 h of exposure, intact DNA bands from the positive control were compared to cpTi 




complexity of the bacterial, mammalian cells and surfaces interactions, displayed by different 
biological response. However, complementary approaches could explain the different 
mechanisms involved on antibacterial activity of surfaces and non-cytotoxicity effect on 
mammalian cells.  
 
Figure 14. Effect of Bi-TiO2 and U,Bi-TiO2 surfaces, under dark and light conditions, on DNA 
integrity of HGF cells after 48 h of incubation. Single bands represent the intact genomic DNA. 
3.6. Practical Implications and Future Aim 
From the viewpoint of dental implantation, our results support the possibility of 
using a PEO-treated surface with Bi-TiO2 coating on Ti for application as a biomaterial in 
implant rehabilitation. PEO treatment provided a noticeable increase in protein adsorption, 
making it a suitable coating for providing a response to the early stages of osseointegration. 
Additionally, antibacterial activity was observed in bismuth-based TiO2 coatings, showing even 
more applicability in the implant field. Thus, regarding clinical implications, the two main 
factors associated with biological complications that occur in implant therapy, i.e., one related 
to inferior osseointegration and the other related to biofilm infection,2,21 could be minimized 
by Bi-TiO2 coating. At the peri-implantitis condition level, which is unleashed by the host 
response and bacterial load,94 this treatment is also advantageous due to the photocatalytic 
potential of reducing biofilms formed onto the Bi-TiO2 surface. It is important to emphasize 
that this study showed antibacterial effects on biofilms with the influence of a saliva-acquired 




results found here considered the condition of initial biofilm formation in the oral cavity. 
Although the results are promising, considering that this treatment alone was not able to 
completely eradicate the biofilm, the application of visible light could be considered a 
promising adjunct therapy, especially in biofilm removal from complex geometric areas of 
dental implants. Moreover, the reusability of this photocatalyst, showing a continuous effect 
of the PEO coatings after 2 cycles of photocatalytic activity, leads us to suggest the application 
of light not only for peri-implantitis treatment but also during maintenance visits. 
Nevertheless, from an industrial application viewpoint, the coating produced in this study via 
PEO is advantageous considering the instrumental simplicity of the technique along with the 
low cost and short time of coating manufacturing. 
Lastly, the findings developed here encourage future studies to continue the 
investigation of photocatalytic coatings with antibacterial effects against peri-implant 
pathogens. For instance, future steps can be focused on tailoring the surface topography to 
have a less irregular surface in order to thoroughly investigate the antibacterial mechanism of 
action of bismuth in the initial and late periods of oral biofilm formation. Additionally, the 
antibacterial test could be performed using a multispecies biofilm including anaerobic 
pathogens to further simulate in vivo conditions. Finally, the effect of Bi-doped TiO2 surface 
and light application could be investigated in an animal model for peri-implantitis treatment. 
4. CONCLUSIONS 
TiO2 coatings with doping elements (Bi and N) were successfully synthesized via 
plasma electrolytic oxidation using ammonium acetate and nitric acid as the base electrolyte. 
All PEO-treated surfaces showed excellent albumin adsorption, and the incorporation of 
bismuth into the TiO2 coating demonstrated effective antibacterial activity on 24-h biofilm 
formation in darkness, with a stronger effect in light conditions. In addition, PEO coating 
presents a reusable photocatalytic potential and non-cytotoxic effect on fibroblast cells. 
Therefore, Bi-TiO2 can be considered a promising alternative to dental implant rehabilitation 
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Part I. Experimental details of growth-based viability assay 
Growth-based viability assay was performed to quantify the relative amount of 
viable bacteria based on the delay in growth curves1 after exposure to various concentrations 
of bismuth. For this, bacterial suspensions with mFUM containing a mixture-species inoculum 
of S. sanguinis and A. naeslundii (OD = 1.0 ± 0.02) were prepared with final concentrations of 
1, 5, 10 and 20 µg/mL of bismuth (pH = 7.0; n = 2). In addition, the bacterial suspension was 
also exposed to increasing concentrations of 1 µg/mL of bismuth at each reading time to 
simulate bismuth release from the coating and to elucidate the bacterial behavior in these 
conditions at early periods of bacterial adhesion and at a later time point of biofilm 
development. The bacterial suspension with no bismuth concentration was used as control. 
The concentration of each suspension was evaluated by measuring the absorbance at 550 nm 
using a spectrophotometer (DU 800 UV/Visible Spectrophotometer, Beckman Coulter, Inc., 
Brea, CA, USA) after 2, 3, 4, 6, 8, 12 and 24 h of incubation (37 °C with 10% CO2).  
Reference 
(1) Qiu, T. A.; Nguyen, T. H. T.; Hudson-Smith, N. V.; Clement, P. L.; Forester, D.-C.; Frew, 
H.; Hang, M. N.; Murphy, C. J.; Hamers, R. J.; Feng, Z. V.; et al. Growth-Based Bacterial Viability 
Assay for Interference-Free and High-Throughput Toxicity Screening of Nanomaterials. Anal. 













Part II. Supplementary Table 
Table S1. pH and conductivity of the electrolytes used on PEO treatments.  
Group pH Conductivity (mS) 
TiO2 4.07 75.4 
U-TiO2 4.16 74.6 
Bi-TiO2 4.12 75.7 




















Part III. Supplementary Figures 
 
Figure S1. Chemical mapping by EDS with element concentration (at%) of cpTi, TiO2, U-TiO2, 



















Figure S3. Degradation of methyl orange in the presence of cpTi, TiO2, U-TiO2, Bi-TiO2 and U,Bi-
TiO2 according to time under the (a) dark condition and (b) time of visible light exposure. The 
MO degradation was calculated by C/C0 in which the C and C0 are the final and initial 
























Figure S4. (a) Standard curve using known concentrations of bovine serum albumin (0.5 - 30 
μg/mL of protein) and (b) protein content of the acquired pellicle (μg/mL of protein) on cpTi 

























Figure S5. Growth curves for S. sanguinis and A. naeslundii responding to (a) control (no 
bismuth concentration) and concentrations of 1, 5, 10 and 20 µg/mL of bismuth, and (b) 


























Figure S6. Scanning electron micrographs of biofilms formed on cpTi, TiO2, U-TiO2, Bi-TiO2 and 
U,Bi-TiO2 in dark and light conditions after 2 h of bacterial adhesion and 24 h of biofilm 





















Baseado nos resultados obtidos e considerando as limitações deste estudo in 
vitro, pode-se concluir que: 
 O revestimento de TiO2 cristalino com os elementos dopantes propostos (N e Bi) foi 
sintetizado via plasma eletrolítico de oxidação na superfície de titânio comercialmente 
puro, apresentando rugosidade, hidrofilicidade e adsorção de proteínas superiores à 
superfície do Ticp. 
 A incorporação de bismuto no revestimento de TiO2 contendo nitrogênio em sua 
composição demonstrou potencial efeito fotocatalítico pela degradação do alaranjado 
de metila, biocompatibilidade e significante efeito antibacteriano sobre o biofilme 
formado durante 24 h no escuro, sendo potencializado após exposição à luz visível.  
 O revestimento de implantes dentários com TiO2 dopado com nitrogênio e bismuto 
pode ser uma abordagem de tratamento de superfície com propriedades favoráveis à 
osseointegração, redução de adesão bacteriana e do biofilme formado sob a aplicação 
de luz visível, podendo ainda ser considerado uma alternativa promissora como 
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APÊNDICE 1 – Estudos pilotos 
Para a realização do presente trabalho de dissertação de mestrado, alguns estudos 
prévios foram desenvolvidos para obter um revestimento com efeito fotocatalítico 
antimicrobiano sob luz visível. Tendo em vista que o objetivo principal da superfície obtida é 
a ação fotocatalítica antimicrobiana, e visto que esta atividade é dependente de radicais livres 
responsáveis também pela degradação dos corantes quando exposto à luz visível, inicialmente 
uma resposta efetiva no ensaio fotocatalítico é de suma importância para os resultados do 
trabalho proposto. A partir dos resultados obtidos na atividade fotocatalítica, as superfícies 
foram caracterizadas e o ensaio microbiológico foi realizado. 
Inicialmente, as superfícies dos discos foram tratadas por plasma eletrolítico de 
oxidação (PEO) utilizando oxalato amoniacal de nióbio, acetato de cálcio e glicerofosfato 
dissódico como proposto no projeto de pesquisa submetido e aprovado pela FAPESP 
(Processo FAPESP n° 2017/00314-6). Além disso, visto que o objetivo principal do trabalho é 
desenvolver uma superfície com atividade fotocatalítica antimicrobiana, e não uma superfície 
bioativa, soluções eletrolíticas contendo apenas oxalato amoniacal de nióbio sem a presença 
de cálcio (Ca) e fósforo (P) foram testadas, pois estes elementos poderiam dificultar a 
atividade da superfície quando exposta à luz visível (Estudo 1). Os discos foram caracterizados 
e submetidos ao ensaio fotocatalítico. No entanto, o corante azul de metileno sem a presença 
de semicondutor degradou consideravelmente quando exposto à luz visível, podendo induzir 
uma falsa-resposta do efeito fotocatalítico das superfícies tratadas. Sendo assim, foi realizado 
um estudo (Estudo 2) com três corantes (azul de metileno, azul de toluidina e alaranjado de 
metila) para definir um substrato mais confiável a ser utilizado no ensaio fotocatalítico. 
Após definição do corante alaranjado de metila como substrato para análise 
fotocatalítica das amostras, foi verificado que a lâmpada 36 W não é potente o suficiente para 
degradar a solução mesmo quando o peróxido de hidrogênio está presente. Com isso, uma 
nova lâmpada LED (105 W) foi adquirida. A partir disso, um novo ensaio fotocatalítico dos 
grupos do Estudo 1 foi realizado (Estudo 3). No entanto, nenhuma atividade foi encontrada 
para as superfícies desenvolvidas quando exposto à luz visível.  
Outros estudos foram desenvolvidos para encontrar uma superfície com atividade 
fotocatalítica. O Estudo 4 consistiu em tratar as superfícies de Ticp com acetato de amônio, 




demonstram que as superfícies com uréia e nitrato de bismuto obtiveram efeito fotocatalítico 
quando exposto à luz visível. 
A metodologia e os resultados dos estudos realizados estão detalhados a seguir: 
Estudo 1 
Discos de titânio comercialmente puro (Ticp) (Realum Industria e Comercio de Metais 
Puros e Ligas Ltd., São Paulo, SP, Brasil) foram utilizados nas dimensões de 10 mm de diâmetro 
e 1 mm de espessura. Inicialmente, todos os discos foram polidos através de métodos 
padronizados de metalografia, utilizando-se lixas metalográficas sequenciais nas granulações 
#320 e #400, em uma politriz automática* (EcoMet 300 Pro with AutoMet 250; Buehler, Lake 
Bluff, IL, EUA) (*Equipamento adquirido por meio do Auxílio Pesquisa FAPESP 2013/08451-1). 
Em seguida, os discos foram limpos em cuba ultrassônica com água deionizada (10 minutos) 
e propanol 70% (10 minutos) e então secos por meio de jatos de ar quente (Cordeiro et al., 
2017). 
Para avaliar o potencial efeito fotocatalítico das superfícies das amostras, uma 
caixa de luz foi confeccionada em madeira (Figura 1). A lâmpada utilizada nesta caixa de luz 
foi do tipo LED de luz branca com potência de 36 W (Kit LED, São Paulo, SP, Brasil) (Kim et al., 
2017). Devido ao formato bulbo desta lâmpada, as dimensões da caixa foram definidas para 
que o foco da luz estivesse direcionado para a placa de poliestireno contendo os discos, 
aumentando a eficiência luminosa ao atingir a superfície das amostras. 
 
Figura 1. Vista frontal da caixa de luz (a) fechada e (b) aberta. Dimensões da caixa: 22,5 × 16 




O polimento mecânico dos discos de Ticp caracterizou a superfície usinada do 
grupo controle. A modificação da superfície dos discos após o polimento via PEO foi realizada 
utilizando-se uma fonte de alimentação de corrente contínua (Plasma Technology Ltd., 
Kowloon, Hong Kong, China), o qual se encontra no Laboratório de Plasma Tecnológico da 
UNESP de Sorocaba sob a responsabilidade do Prof. Dr. Nilson Cristino da Cruz. O tratamento 
foi realizado em um reservatório de aço inoxidável com sistema de refrigeração que manteve 
a temperatura da solução eletrolítica em aproximadamente 20°C. O cátodo foi representado 
pelo reservatório com a solução eletrolítica, e o ânodo foi representado pelos discos de Ticp 
colocados na célula eletrolítica. O suporte da amostra foi projetado para permitir a exposição 
completa da amostra ao eletrólito.  
Para este estudo, três tratamentos de superfície foram realizados: 1. Ca/P + Nb; 2. 
Nb 500V; 3. Nb 600V. Para o primeiro tratamento (proposto no projeto de pesquisa para a 
FAPESP), foi utilizada uma solução eletrolítica à base de acetato de cálcio [Ca(CH3CO2)2] 
(Sigma-Aldrich, St. Louis, MO, EUA) e glicerofosfato dissódico (C3H7Na2O6P) (Sigma-Aldrich, St. 
Louis, MO, EUA) com relação de Ca/P de 0,1M/0,03M. De acordo com o estudo de Marques e 
colaboradores (2015), estes parâmetros indicam a formação da fase cristalina anatase. Além 
disso, foi incorporado o oxalato amoniacal de nióbio (NH4NbO(C2O4)2 (CBMM – Companhia 
Brasileira de Metalurgia e Mineração, Araxá, MG, Brasil) na concentração de 5 g/L (Orseti, 
2017) para dopar o TiO2 com Nb2O5. As descargas foram geradas aplicando-se tensão de 290 
V com frequência de 250 Hz, ciclo de trabalho fixado em 60% e com tempo de tratamento de 
10 minutos (Marques et al., 2015).  
Para o segundo e o terceiro tratamentos, a solução eletrolítica foi composta 
apenas por oxalato amoniacal de nióbio na concentração de 5 g/L, visto que Orseti (2017) em 
sua dissertação de mestrado demonstrou a formação de fase cristalina do TiO2 e incorporação 
de nióbio (Nb). As descargas foram geradas aplicando-se tensão de 500 V para o segundo 
tratamento, e 600 V para o terceiro tratamento. A frequência aplicada foi de 60 Hz, ciclo de 
trabalho fixado em 60% e com tempo de tratamento de 10 minutos (Orseti, 2017). Após o 
tratamento com PEO, as amostras foram lavadas com água deionizada e secas com jatos de 
ar quente (Marques et al., 2015). 
Finalizado o tratamento de superfície, as amostras foram submetidas aos 
seguintes testes de caracterização: rugosidade de superfície, energia livre de superfície, 




os estudos pilotos, foram utilizados n = 3 discos para as análises de rugosidade e energia de 
superfície e n = 1 para MEV/EDS. 
A caracterização da topografia da superfície dos discos foi realizada por MEV (JEOL 
JSM-6010LA, Peabody, MA, EUA) nos aumentos de 2000× e 10000×. Para a identificação dos 
elementos químicos presentes na superfície dos discos de Ticp e comparação da composição 
química entre os diferentes tipos de superfície a serem avaliadas, foi realizada a análise de 
EDS. 
Na figura 2 pode-se observar a formação de ranhuras decorrente do polimento 
dos discos no grupo controle. Os grupos tratados com PEO apresentaram formação de 
microporos e estruturas semelhantes a vulcões, decorrentes das microdescargas geradas 
durante o tratamento, assim como já relatado na literatura quando os discos de Ticp são 
tratados com solução eletrolítica contendo Ca e P (Marques et al., 2015). No entanto, essa 
topografia é menos evidente nos grupos tratados apenas com oxalato amoniacal de nióbio, 
havendo a formação de microporos de dimensões menores quando comparado ao grupo Ca/P 
+ Nb. Além disso, ao aumentar a voltagem de 500 V para 600 V, a quantidade de microporos 
diminuiu. Du e colaboradores (2017) publicaram recentemente um estudo in vitro 
demonstrando a relação direta da voltagem aplicada no PEO com a formação de microporos 
na superfície do titânio (Ti). Os autores relatam grande número de microporos no 
revestimento formado por PEO a 300 V quando comparado aos outros grupos de maior 





Figura 2. Micrografias obtidas por MEV das superfícies controle e tratadas com PEO. 
A composição química das superfícies está descrita na Tabela 1 e ilustrada na 
Figura 3. De uma forma geral, pode-se observar uma maior quantidade de oxigênio (O) nas 
amostras tratadas com PEO, possivelmente devido à formação de óxidos na superfície. Houve 
a incorporação de nióbio (Nb) em todos os grupos experimentais, bem como de cálcio (Ca) e 
fósforo (P) no grupo Ca/P + Nb.   
Tabela 1. Concentração (%atômica) dos elementos constituintes de cada superfície. 
Grupos O Ti Nb Ca P 
Controle 20,18% 79,82% - - - 
Ca/P + Nb 67,45% 22,53% 0,55% 3,18% 6,30% 
Nb 500 V 71,45% 7,57% 20,98% - - 





Figura 3. Imagens representativas de EDS das superfícies controle e tratadas com PEO. 
A rugosidade de superfície foi analisada por meio de um perfilômetro (Dektak 
D150; Veeco, Plainview, NY, EUA). Os valores de Ra (média aritmética da rugosidade de 
superfície), Rt (distância vertical entre o pico mais alto e o vale mais profundo), Rz (altura entre 
os pontos máximo e mínimo do perfil, no comprimento de amostragem) e Rq (rugosidade 
quadrática média) foram obtidos utilizando cutoff de 0,25 mm a uma velocidade de 0,05 mm/s 
durante 12 segundos (Faverani et al., 2014). Por meio do ensaio de energia livre de superfície, 
o grau de molhabilidade foi analisado através do goniômetro (Ramé-Hart 100–00; Ramé-Hart 
Instrument Co., Succasunna, NJ, EUA), associado a um software (DROPimage Standard, Rame-
Hart Instrument Co., Succasunna, NJ, EUA), utilizando o método da gota séssil. Foram 
realizadas 10 leituras para cada espécime, a fim de mensurar o ângulo de contato formato 
entre a água deionizada (componente polar) e a superfície do Ticp, e outras 10 mensurações 
foram realizadas para determinar o ângulo de contato do diiodometano (componente 
dispersivo ou apolar). O ângulo de contato foi calculado através da equação de Young 
(Equação 1): 
Ƴ𝑠𝑣 =  Ƴ𝑠1 +  Ƴ1𝑣𝑐𝑜𝑠 Ɵ𝑐                   (1) 
onde, Ɵc é o angulo de contato e Ƴ é a energia de superfície do sólido em equilíbrio com o 
vapor (sv), sólido em equilíbrio com o líquido (sl) e o líquido em equilíbrio com o vapor (lv).  
Através do método de Owens-Wendt, a relação entre o ângulo de contato e a 
energia livre de superfície foi avaliada, baseando-se no ângulo de contato formado pelos dois 
líquidos com diferentes polaridades. A média entre os dez ângulos mensurados foi calculada 




Na figura 4 observa-se os resultados de rugosidade de superfície das amostras. Os 
grupos tratados com PEO apresentaram maiores valores de rugosidade para todos os 
parâmetros avaliados quando comparados ao grupo controle. De acordo com as micrografias 
de MEV, pode-se afirmar que a superfície mais rugosa dos grupos experimentais se deve à 
topografia irregular gerada após o tratamento. Além disso, o tratamento com PEO aumentou 
a energia de superfície dos grupos experimentais quando comparados ao grupo controle, o 
que indica um comportamento mais hidrofílico (Figura 4). Estes achados poderiam favorecer 
os resultados deste estudo, visto que superfícies com área de superfície maior favorecem a 
atividade fotocatalítica (Chen et al., 2018). Além disso, superfícies hidrofílicas parecem 
melhorar a proliferação e aderência celular e, consequentemente, beneficiar a 
osseointegração dos implantes (Echeverry-Rendón et al., 2017).  
 
Figura 4. (a) Rugosidade superficial (Ra, Rq, Rt, Rz) e (b) energia de superfície dos grupos 
maquinado (controle), Ca/P + Nb, Nb 500 V e Nb 600 V. 
Para avaliar o potencial fotocatalítico das amostras, foi realizado o teste de 
degradação do corante azul de metileno (AM) através da análise da densidade ótica em 
espectrofotômetro (Loncar et al., 2009; Mills, 2012). Inicialmente, foi realizada a curva de 
calibração para calcular a concentração de azul de metileno na solução (Figura 5a). 
Por meio da equação gerada na curva de calibração (Equação 2), pode-se calcular 
as concentrações das amostras observadas no espectrofotômetro. A variável 𝑦 corresponde a 
concentração em µmol/L e a variável 𝑥 corresponde a leitura de absorbância no comprimento 
de onda de 664 nm. 






Figura 5. Curva de calibração do (a) azul de metileno, (b) degradação de azul de metileno 
(C/C0) em função do tempo (minutos) no escuro e (c) sob luz visível, e (d) atividade 
fotocatalítica (%) após irradiação com luz visível. AM = azul de metileno. 
O teste de pré-adsorção foi realizado para atingir o estado de equilíbrio de 
adsorção-dessorção. Para isso, as superfícies controle e experimental foram colocadas em 
placa de 24 poços com 2 mL da solução de AM 10 μmol/L. A placa foi embalada com papel 
alumínio para evitar qualquer contato com a luz e permaneceu embalada durante 12 horas. 
Após esse período, a densidade ótica dos líquidos que estavam em contato com as amostras 
foi avaliada para verificar possíveis alterações do corante em decorrência do tempo e/ou do 
contato com as superfícies em questão. 
Foram realizados dois tipos de ensaio, um sob irradiação por luz visível (n = 2), e 
outro no escuro (placa de 24 poços embrulhada em papel alumínio) para controle (n = 1). Após 
o teste de pré-adsorção, as amostras foram colocadas em poços limpos com 2 mL da solução 
de AM 10 μmol/L. Além disso, para controle da atividade fotocatalítica, foi utilizado 1,9 mL de 
solução de AM  10 μmol/L com 0,1 mL de água em um poço, bem como com 0,1 mL de 
peróxido de hidrogênio em outro poço. Neste estudo, as amostras foram expostas à luz visível 
com potência de 36 W (Kim et al., 2017) durante: 15, 30, 60 e 90 minutos. A densidade ótica 
das soluções foi analisada de acordo com o tempo de luz aplicado e a distância da luz foi de 
6,5 cm (Kim et al., 2017). Assim, foi determinado o potencial fotocatalítico dessas superfícies 




A degradação do corante foi calculada por C/C0, em que C é a concentração final 
e C0 a concentração inicial do corante, respectivamente. A figura 5b indica que na ausência de 
luz nenhuma atividade fotocatalítica foi observada, visto que a concentração de AM continuou 
praticamente constante durante os tempos de análise. Além disso, não houve diferença entre 
os grupos. Estes resultados demonstram que, na ausência de luz, ambas as soluções de AM 
puro e com TiO2/Nb2O5 não foram capazes de degradar significativamente o corante. 
Ao analisar os resultados do teste de fotocatálise com exposição à luz visível 
(Figuras 5c e 5d), pode-se observar que houve degradação do AM em função do tempo de 
irradiação para todos os grupos, havendo aproximadamente 40% de degradação do corante 
em 90 minutos de luz. No entanto, a solução de AM puro também apresentou atividade 
fotocatalítica mesmo sem a presença de qualquer semicondutor. Sendo assim, por meio 
desses dados é evidente que o teste de fotocatálise em luz visível avaliado por meio da 
eficiência de degradação do corante de AM pode não representar a atividade fotocatalítica 
real de um dado material semicondutor, visto que o AM por si só também degradou com a 
presença da luz na mesma proporção que os grupos controle e experimentais. 
Estudo 2 
Como visto no Estudo 1, foi observado que o corante azul de metileno (AM) 
degradou sob a presença de luz visível mesmo na ausência de semicondutor. Apesar do teste 
de degradação de corantes ser um método simples e rápido, este método pode apresentar 
deficiências ao ser analisado no espectro de luz visível dependendo do corante utilizado. De 
acordo com Bae e colaboradores (2014), a eficiência da atividade fotocatalítica depende não 
só de fatores intrínsecos (ex. carga molecular, grupos funcionais, intermediários da 
degradação), mas também de fatores como pH, interação eletrostática e o efeito de 
sensibilização do corante, bem como a presença de produtos intermediários que podem 
causar um processo de degradação secundário (Rochkind et al., 2015).  
Yan e colaboradores (2006) avaliaram a atividade fotocatalítica de TiO2 dopado 
com enxofre (S) utilizando o corante AM e uma solução de ácido acético. Os autores concluem 
no trabalho que o corante AM é inadequado para avaliar a atividade fotocatalítica sob o 
espectro da luz utilizada (∼635 nm), visto que houve uma reação fotoinduzida pela 
fotoabsorção de AM, o que pode induzir uma falsa resposta de que dado material 




realizado um estudo piloto de três corantes para avaliar a adequação destes como substratos 
e definir a melhor opção para análise da atividade fotocatalítica no espectro da luz visível em 
questão. 
Para definir quais corantes seriam utilizados neste estudo, bem como a 
concentração de cada um, foi realizada detalhada revisão e atualização bibliográfica de 
estudos que realizaram atividade fotocatalítica utilizando corante sob luz visível. Dentre os 
substratos utilizados, destacaram-se além do azul de metileno, o azul de toluidina e o 
alaranjado de metila. As concentrações utilizadas foram 10 mg/L para o azul de metileno (Liu 
et al., 2017; Yu et al., 2018) e para o alaranjado de metila (Gao et al., 2018; Yu et al., 2018), e 
15 mg/L para o azul de toluidina (Shakir et al., 2014).  
Inicialmente, foi realizada a curva de calibração para todos os corantes (R²=0,999 
para azul de metileno, R²=0,996 para azul de toluidina e R²=0,999 para alaranjado de metila). 
Em seguida, foram realizados ensaios sob luz visível e no escuro (controle), como detalhado 
para o estudo 1. Foram testados 2 mL de solução do corante puro, 1,9 mL de solução do 
corante com 0,1 mL de água, e 1,9 mL de solução do corante com 0,1 mL de peróxido de 
hidrogênio. Os tempos analisados foram 15, 30, 60, 90 e 120 minutos. Nas figuras 6a, 6b e 6c, 
pode-se observar que no escuro todas as soluções se mantiveram constante, indicando que 





Figura 6. (a) Degradação de azul de metileno (C/C0), (b) azul de toluidina e (c) alaranjado de 
metila em função do tempo (minutos) no escuro; e (d) degradação de azul de metileno, (e) 
azul de toluidina e (f) alaranjado de metila em função do tempo (minutos) de exposição à luz 
visível. AM = azul de metileno, AT = azul de toluidina, ALM = alaranjado de metila. 
Nas figuras 6d, 6e e 6f, pode-se observar que quando irradiado com luz visível, o 
azul de toluidina apresentou comportamento similar ao do azul de metileno, degradando-se 
ao longo do tempo de exposição à luz visível. O corante alaranjado de metila puro manteve-
se constante, e na presença de peróxido de hidrogênio (H2O2) a concentração diminuiu a 
medida que o tempo de exposição à luz aumentou, sugerindo que sem a presença de radicais 
livres (representado neste estudo pelo peróxido de hidrogênio), o alaranjado de metila não 
possui atividade fotocatalítica quando irradiado, sendo uma opção viável para utilização como 




Além disso, apesar da concentração da solução de alaranjado de metila com H2O2 
ter diminuído ao longo do tempo de irradiação, a taxa de degradação ainda é fraca 
(aproximadamente 8% em 120 min de luz). Sendo assim, uma nova lâmpada LED (Ledsim, São 
Paulo, SP, Brasil) com potência maior foi adquirida (105 W). Ainda, visto que as dimensões 
dessa lâmpada são maiores, uma nova caixa de luz foi confeccionada (Figura 7). Como a 
potência da lâmpada é maior, a temperatura da solução ao ser irradiada também aumentou. 
Sendo assim, foram adaptados dois fans nas laterais, para controle da temperatura da solução, 
além da utilização de papel absorvente úmido na base da placa de 24 poços utilizada para o 
ensaio fotocatalítico (Madhavi et al., 2018). 
 
Figura 7. (A) Vista frontal e (B) lateral da nova caixa de luz fechada e (C) vista frontal da caixa 
de luz aberta. 
Estudo 3 
O ensaio fotocatalítico dos grupos mencionados no Estudo 1 foi realizado com a 
nova caixa de luz (lâmpada LED 105 W), seguindo protocolo previamente descrito no estudo 
1. Os tempos analisados foram 15, 30, 60, 90 e 120 minutos. Pode-se observar na figura 8a 
que a concentração da solução de todos os grupos se manteve constante, indicando que não 
houve degradação na ausência de luz. Ocorreu degradação da solução contendo H2O2 quando 
exposto à luz visível, diminuindo pela metade a concentração da solução após 120 minutos de 
irradiação (Figura 8b), sugerindo maior eficiência da lâmpada com potência de 105 W quando 
comparada à de 36 W do estudo 2. No entanto, o mesmo não ocorreu para os grupos 
experimentais (Nb 500 V, Nb 600 V e Ca/P + Nb), pois não apresentaram atividade 





Figura 8. (a) Degradação de alaranjado de metila (C/C0) no escuro e (b) após exposição à luz 
visível em função do tempo (minutos). ALM = alaranjado de metila. 
Embora alguns autores tenham relatado que dopar o TiO2 com nióbio modifica o 
band gap e estende a absorbância do TiO2 para a faixa de luz visível (Silva et al., 2016; Niu et 
al., 2018), por outro lado, tem sido discutido na literatura que o pentóxido de nióbio (Nb2O5) 
possui band gap entre 3,3 e 3,4 eV, mesmo quando associado ao TiO2 (Kafizas et al., 2012; Hu 
et al., 2015), o que pode justificar os resultados do presente estudo. Uma das principais 
vantagens de dopar o TiO2 com Nb é a melhoria da atividade fotocatalítica devido às suas 
excelentes propriedades fotoelétricas e condutivas (Song et al., 2014). Ainda, possui alta 
solubilidade e facilidade de dopagem no TiO2, além de ter a capacidade de impedir o 
crescimento dos grãos de cristal do TiO2, aumentando assim os locais reativos da superfície 
(Kong et al., 2017). Sendo assim, é de grande interesse diminuir o band gap do TiO2 para o 
espectro da luz visível introduzindo dopantes metálicos e/ou não-metálicos, bem como 
investigar a associação dessas heterojunções com o nióbio.  
Estudo 4 
Com o objetivo de estender a absorção do TiO2 para a faixa de luz visível e 
aumentar a atividade fotocatalítica, foi proposto neste estudo a dopagem com nióbio (Nb), 
nitrogênio (N) e bismuto (Bi).  
A incorporação de íons não-metálicos ao filme de TiO2, em especial o nitrogênio, 
é uma alternativa efetiva de reduzir o band gap para o espectro visível, bem como diminuir a 
recombinação de par elétron-coluna, aumentando assim a atividade fotocatalítica sob luz 
visível (Madhavi et al., 2018). Dessa forma, diversas técnicas têm sido estudadas para a 
dopagem do TiO2 com nitrogênio, como sputtering (Madhavi et al., 2018), deposição de vapor 




2006), sol-gel (Sanchez-Martinez et al., 2018) e imersão em solução de amônia sob altas 
temperaturas (Hou et al., 2014). Além disso, o óxido de bismuto (Bi) tem ganhado muita 
atenção devido às suas propriedades ópticas e elétricas únicas, com band gap de 2,0 a 2,9 eV, 
apresentando excelente atividade fotocatalítica quando dopado ao TiO2 sob luz visível (Kang 
et al., 2011; Shi et al., 2018).  
Visto que não houve a ocorrência de atividade fotocatalítica nos estudos 
anteriores, optou-se por alterar a solução eletrolítica do PEO e os parâmetros aplicados 
durante o experimento. De acordo com o estudo de Akatsu e colaboradores (2013), ao 
comparar os eletrólitos acetato de amônio (CH3COONH4) com o fosfato de sódio (Na3PO4) para 
a formação de filme de TiO2 por PEO no substrato de titânio, concluiu-se que a atividade 
fotocatalítica em luz UV foi maior quando utilizado acetato de amônio 0,8 mol/L, a uma tensão 
de 250 V, frequência de 1000 Hz, ciclo de trabalho fixado em 10% e duração de 15 minutos.  
Com base nesses resultados, um novo estudo foi conduzido. O tratamento com 
plasma eletrolítico de oxidação foi realizado com solução eletrolítica contendo 0,8 M de 
acetato de amônio (Synth, Diadema, SP, Brasil) como eletrólito base. Ao acetato de amônio 
(AA) foi adicionado 0,01 M de oxalato amoniacal de nióbio (CBMM, Araxá, MG, Brasil), 0,1 M 
de uréia (Synth, Diadema, SP, Brasil) e/ou 0,001M de nitrato de bismuto (Dinâmica Química 
Contemporânea, Diadema, SP, Brasil). Foi aplicada uma tensão de 250 V, frequência de 1000 
Hz, ciclo de trabalho fixado em 10% e tempo de 15 minutos (Akatsu et al., 2013). Inicialmente, 
foram testados as soluções com os reagentes individuais e a combinação de cada um deles 
com o oxalato amoniacal de nióbio. Os grupos testados foram: 1. Ticp (controle), 2. TiO2 (PEO 
com AA), 3. U-TiO2 (PEO com AA + uréia), 4. Bi-TiO2 (PEO com AA + nitrato de bismuto), 5. Nb-
TiO2 (PEO com AA + oxalato amoniacal de nióbio), 6. U,Nb-TiO2 (PEO com AA + uréia + oxalato 
amoniacal de nióbio), 7. Bi,Nb-TiO2 (PEO com AA + nitrato de bismuto + oxalato amoniacal de 
nióbio) e 8. U,Bi,Nb-TiO2 (PEO com AA + uréia + nitrato de bismuto + oxalato amoniacal de 
nióbio). O ensaio fotocatalítico (alaranjado de metila 10 mg/L, LED 105 W) foi realizado 
seguindo os protocolos previamente descritos nos estudos anteriores. Visto que este teste foi 
um piloto para decidir os próximos passos do estudo, este ensaio fotocatalítico foi realizado 
nos tempos de 15, 30 e 60 minutos apenas sob luz visível. 
Na figura 9 pode-se observar que o grupo Ticp (controle) manteve-se constante e 
que os grupos com oxalato amoniacal de nióbio apresentaram os menores valores de 




sugerem que a presença de nióbio na superfície não apresenta vantagens para obtenção de 
atividade fotocatalítica sob luz visível. Por outro lado, o nitrato de bismuto e a uréia parecem 
ser compostos dopantes promissores para atingir excelente atividade fotocatalítica, podendo 
haver efeito na redução do biofilme quando irradiado sob luz visível, devido à possível 
formação de radicais livres responsáveis pela decomposição de vários compostos orgânicos, 
como a membrana externa das bactérias (Joost et al., 2015; Wu et al., 2016). 
 
Figura 9. Atividade fotocatalítica (%) dos grupos controle e tratados com PEO. 
Sendo assim, os grupos para o estudo definitivo foram definidos baseando-se no 
fato de que os tratamentos de superfície por PEO que apresentaram atividade fotocatalítica 
quando exposto a luz visível foram aqueles cuja solução eletrolítica é composta por acetato 
de amônio (AA) dopado com uréia e nitrato de bismuto. Aliado a isso, visto que o nióbio não 
foi vantajoso, os grupos com oxalato amoniacal de nióbio foram excluídos. Portanto, os grupos 
definidos para o presente trabalho de dissertação de mestrado foram: 1. Ticp (controle), 2. 
TiO2 (PEO com AA), 3. U-TiO2 (PEO com AA + uréia), 4. Bi-TiO2 (PEO com AA + nitrato de 
bismuto), 5. U,Bi-TiO2 (PEO com AA + uréia + nitrato de bismuto). Além disso, no estudo 4 foi 
observado que o nitrato de bismuto não dissolve completamente em água deionizada, o que 
poderia estar dificultando o completo efeito fotocatalítico das superfícies dopadas com Bi. 
Sendo assim, os revestimentos foram formados com a presença de ácido nítrico na solução 
eletrolítica de todos os grupos para dissolver o nitrato de bismuto e padronizar as superfícies 
com a mesma condição (20 mL HNO3 65% para 480 mL de água deionizada). O tratamento 
com PEO seguiu os mesmos parâmetros e concentrações do estudo 4, com exceção do tempo. 
No estudo definitivo, o tratamento foi realizado com duração de 7 minutos, visto que o ácido 




Com os grupos definidos, deu-se continuidade no trabalho com a realização de 
análises de caracterização de superfície, adsorção de proteínas, atividade fotocatalítica e 
ensaio microbiológico no escuro e sob luz visível. Em seguida, foi realizado a análise dos 
resultados e finalização da dissertação com a discussão e a conclusão do estudo. 
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ANEXO 3 – Comprovante de submissão do artigo ao periódico ACS Applied Materials & 
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